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A NONLINEAR DYNAMIC SPHERICAL MEMBRANE MODEL

Introduction

The ultimate end use for a structural dynamic canopy model is to
predict the complex opening phase of a parachute. Predicting the
opening phase of a parachute must involve the coupling of the
structural model representing the canopy (fabric and lines) with
the fluid medium surrounding the canopy. The coupling problem is a
concurrent effort at the U.S. Army Natick Research, Development &
Engineering Center. The effort involves coupling the computational
fluid dynamics (CFD) code SALE (Simplified Arbitrary Lagrangian
Eulerian) to a modified version of the spherical membrane model
described in this report. The spherical membrane model is used in
the program as a large subset of subroutines. The spherical
membrane programs need the pressure distribution on the sphere
surface and a time step as input. The programs return the
corresponding deflections and velocities of the membrane as output.
The spherical membrane model coupled to the CFD code SALE will be
a major step towards the solution of the opening problem of
parachutes. This solution is essential in the design of high-speed
and low-altitude airdrop systems.

A nonlinear spherical membrane model was developed by Stoker (see
reference 6) for the solution of static problems. The model was
modified to include inertia terms. In this report, the resulting
partial differential equations (PDE's) were converted into a system
of nonlinear first order ordinary differential equations (ODE's).
These equations are solved numerically. The dynamic response of any
portion of a spherical membrane can be determined for a given time-
dependent pressure distribution and a set of initial conditions.
The model is a first step towards modelling the dynamic response of
parachutes during the complex opening phase.

The six governing equations for six unknowns presented by Stoker
are converted into two governing PDE's through manipulations and
the addition of inertia terms. In the model all of the parameters
used 'o describe the sphere along with the pressure distribution
are assumed to act on the undeformed spherical shape. Therefore,
the description of these equations can represent small to
moderately large displacements. The PDE's are written in terms of
the unknown tangential and normal components of deflection and
various derivatives of each. The PDE's are second order in time and
second order in space. The two PDE's are converted ti four PDE's
each of which is first order in time and second order in space.
These four PDE's are finite differenced in space to yield a
nonlinear system of first order ordinary differential equations.
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The number of ODE's is dependent on the number of nodes used to
represent the spherical membrane. The number of ODE's to be solved
is equal to four times the number of nodes used. The resulting
ODE's are incorporated into a Fortran program which calls the
subroutine "DDEBDF" (see reference 5) (DDEBDF is part of the SLATEC
library obtained from the National Energy Software Center). The
number of nodes used to represent the canopy is a user-defined
parameter.

Two separate main Fortran programs were written, one fo: static
solutions (which yields the membrane deflections for a given time
independent pressure load) and one for the dynamic response. The
programs take input in dimensional form but solve the
nondimensional form of the equations. A variety of different
boundary conditions can be chosen. The options include a "pinned-
top pinned-bottom", "symmetry-top pinned-bottom", and a "symmetry-
top infinite mass bottom". The programs generate output in a matrix
format which is readable by MATLAB. The MATLAB software has many
capabilities but is only used for postprocessing with this problem.
Two MATLAB programs were written which process the results of a run
from matrix format into graphical results.

The static solutions presented by Stoker were reproduced. The
static Fortran program is solving a system of nonlinear algebraic
equations (time independent). The subroutine DNSQE.f (part of the
SLATEC library) is used to solve these equations. The "pinned-
bottom pinned-top" boundary conditions were also modelled using
NISA (see reference 4) for comparison to thin sheil finite
elements.

A normal and a tangential damping term were added to the dynamic
model to check that time independent pressure distributions would
damp out to the static solution. A variety of dynamic runs were
made using different time steps, different numbers of nodes,
different node distributions, etc., to check the results for
consistency.

The Fortran programs in a modified form are currently being coupled
to the CFD code SALE by Natick personnel. The programs are capable
of computing large deflections from the undeformed spherical shape.
These large deflections are not accurately modelling a physically
real membrane, and the model was not chosen with the intention of
doing so. The limitations on accurately modeling large deflections
include: 1. the material is considered linearly elastic 2. the
loads are applied to the undeformed spherical shape 3. compressive
stresses are permitted and 4. all def-rmations are based on the
undeformed geometry. The model can h. .ver reproduce these large
"numerical" deflections which will enable engineers involved with
the coupling problem to investigate the problems associated with
large amplitude deflections in rapid motion. This experience is
expected to ensure an easier coupling of future parachute
structural dynamic models with modified CFD codes.
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Formulation and Analysis

The static nonlinear spherical membrane equations developed by
Stoker can be written in terms of the tangential and normal
deflections. The section of a sphere is represented by a single
meridional curve in the global X,Y coordinate system as shown in
figure 1.

Y
AXIS OF

SYMMETRY

e min u

I R/ UEO

MERIDIONAL

MEMBRANE

Figure 1. Spherical Membrane Model

A "vent" size can be prescribed by the angle 0,n (set to zero for
no vent) and the "skirt edge" is defined by the angle 0.. The six
governing equations developed by Stoker are presented in Appendix
A and are modified by including inertia terms and manipulating the
equations into the following two partial differential equations.
These equations are merely Newton's second law written in the
tangential and normal directions. The resulting PDE's representing

3



dynamic equilibrium in the tangential and normal directions are
shown in equation (1) and (2) respectively.

au_ + a2V aV a u a2w+ Vaw u + 1w)3_

3 u 2 aw 3 u (aw) 2- U3 +uza ._ C2n+coto aw
'7-R-T-R 7coM -- 2-R- 7M -. =--(())

coto aVw U+cot8u 2 +v[-u-dv w 2ucot w4 ww ( a)R -M -+ 27R - -- R- -M +-R7

3U2COtO+ Uw coto aU+ 1-v2 2a2U

coto v aau wcot aW+ coto (w), 3 3 ucotO aw
R W -M-T- -+2 - M 7+--R- M

3 U2cOtO aaw+ ucoto C1 aU uwcotO + coto U3+ 1 C2u aW_
-7 R R dU R R 2- -RWOO W

1 aw 2 3 32W( aW. 2 2u a2waw 3 aw 2 au 2u cu aw4-T- (W) + T 2- a-F••~ + F-T-2 "a-- l+T- ( "N) 'N+•T6•

u O2 u uaw 3u2 C12w 3u2 au 1laua2w V a2w 1 ( CIU )2 - (2)

w au au uc w u2  -3u aw wcotO aw
_' + uc -2w+ -•+-+[--- -W R W

3u2  u + cotO otou o 3 8w) 2 2ucotO au ucotO aw

Vw a wV a U + a+ucot -V 2  a2  R2p--aF- M M - Wj -u - r- +T-2 7

The static version of these equations is obtained by setting the
right hand side of each equation to zero. This is equivalent to
setting the velocities and accelerations to zero (no time
dependence).

These equations are transformed into a nondimensional version by
applying the nondimensional (ND) parameters shown in equation (3).
The nondimensional version of the governing equations are shown in
equations (4) and (5) (the "ND" subscripts are dropped for
convenience).

These governing partial differential equations are second order in
time and second order in space. When solved, these equations yield
the normal and tangential velocities and displacements as a
function of theta and time. If the velocity and accelerations in
these equations are set equal to zero, the resulting solution
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'N)7 ]-C a ___

3 u2Ctot +uw- Cto( OW ) 2 ]= u.dU d2u

coto 8Iw CI u--+ Co ( w) 3+ 8 uc2t(w)2
u2coto aW au- ot O (.3 ) uaW
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1(IW) 2 +3Cw( w) 2,2 82w2w. 3 8w 2 8u. 2 ,uW•+

u 02U u 8w+ 3U2 a2w+ 3U ud + dU8d2_W82W+(8U)2 (5)

w + du +ucotO-2w+u '+ U 2 +v[_ 3 u Wwco taW_
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8 2W -W dU+ U+ucotO-2w]=Cwdc w+a 2W~p(e~t)

yields the static normal and tangential displacements as a function
of theta. A system of subroutines (SLATEC Library, see reference 5)
are used to solve these equations numerically at a user defined
number of node points on the sphere. The equations are reformulated
into a form which is compatible with the SLATEC subroutines. The
reformulation and SLATEC program input will be discussed in the
next section.
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Reformulation for SLATEC Software

The governing equations are first transformed from two PDE's each
of which is second order in time and space to four PDE's each of
which is first order in time and second order in space. A new set
of variables are defined in equation (6) to reformulate the
equations. The partial derivatives are redefined to simplify the
equations as shown in equation (7). The four governing ODE's in
terms of these new variables are shown in equations (8) and (9).

z1 -u z3=w

Z2Iu= aw (6)

A= au 8zW1 B= au = 82z
892 a82

(7)
c- awn z3 D- 82W 2z3

az=
.-FF•- Z2

a_- =- [B-C+DC+zD+z3C+zz,1- (C) 3 -

3 zaC-3 z4 (C)2 _ 3 +AcotB-z.ot2 + Ct (C) 2 + (8)

coto Cz + 2t1 2 +V -Z--C-2z, coteC+z3C-
3 z1 'cot9 ot' .2c t Coto, (C)2]-C~Z2]

Next, the spherical membrane is represented by a set of node points
located along a meridional curve of the membrane in the global XY
plane. The node points are numbered from node number one at theta
minimum to node number "nth" at theta maximum. The value of "nth"
is equal to the total number of nodes used to represent the
membrane. The value of derivatives with respect to theta in the

6



8Z3=a Z, _ C+

_• =- [ cote CA-wcoteco (C)3+3 zIcoto (C) 2 +

4 ;c 1cotOA- z~z3cot + cot7-, I-BC-

1 (C)2+ 3 D(C)2+2zDC+ 3 (C) 2A+2z AC+
7BzC 73Z 2 D 2 7 (9)

Z, a 3 A+AD-z 3D+(A) 2-

z3A+A+zzcote-2z3 +z1 C+ 4. +v[ -3z1 c-z 3cotOc-
3z1

2 
_ - 3---- -;z3zcotO+cotOAC- 3 (C) 2 +2zcot9A+zlcotOD-

Z3D-z 3 A+A+zicote-2z 3 ] -CVZ 4+p( I, t)]

governing equations are approximated with second order accurate
finite difference equations (FDE's) in terms of the deflections at,
and spacing between the node points. Four FDE's are used
extensively in the analysis with a variable grid spacing. The FDE's
are derived in Appendix B by starting with a second order Lagrange
Polynomial. The second order Lagrange Polynomial fits a second
order polynomial through three consecutive node points. The
variable grid option is used to allow for grid clustering near
boundaries where rapid changes in the dependent variable occur and
to give more flexibility to potential users involved in coupling
these equations to grids generated for and used with the CFD
program SALE. The grid clustering options are discussed in more
detail in the "Fortran Program Descriptions" section of this
report.

Dynamic case:

The FDE's when applied to the derivatives with respect to theta in
equations (8) and (9) convert the four partial differential
equations into a system of "N" nonlinear first order ordinary
differential equations (ODE's). These ODE's are nonlinear in space
and first order in time. The value of N is dependent on the number
of nodes used to represent the sphere and is given by N=4*nth where
"nth" is defined as the total number of node points. The value of
nth is user defined; however, changing its value requires the
program to be recompiled. The variables z,,z 2 ,z 3 , and z4 are now
vectors of length nth. Each element of the vector z, (i=1-4) has a
unique value at each node point on the spherical membrane at each
time step. These values are the solution of the governing system of
ODE's. This resulting system of equations can be written in an

7



acceptable form for the SLATEC subroutine DDEBDF.f. The subroutine
DDEBDF.f uses the backwards differentiation formulas of orders one
through five to integrate a system of first order ordinary
differential equations. The equations must be written in the format
shown in equation (10). DDEBDF.f requires a separate subroutine be
written which defines the differential equations. A set of initial
conditions must also be specified.

DZ -DF( t, Z)
Dt (10)

where Z T=(z,,zzz,,z 4 )

Static Case:

The static equilibrium equations are obtained by setting the time
derivative terms in equations (8) and (9) to zero (note that z2 and
z4 are identically zero). Applying the FDE's to the derivatives
yields a system of "M" nonlinear algebraic equations. The value of
M is equal to 2*nth where nth is the user defined total number of
nodes representing the canopy. The resulting system of nonlinear
algebraic equations can be written in an acceptable form for the
SLATEC subroutine DNSQE.f. The purpose of subroutine DNSQE.f is to
find a zero of a system of M nonlinear functions in M variables by
a modification of the Powell hybrid method. The right hand side of
the governing system of equations can be defined as a new function
for which DNSQE.f attempts to minimize. The governing equations
must be written in a separate subroutine. An initial estimate of
the deflections must also be supplied.

The solution of either the dynamic or static equations also depends
on the boundary conditions applied at the ends of the membrane. A
variety of boundary condition options were programmed. Each
boundary condition option will be discussed in the "Boundary
Condition Options" section of this report.

8



Fortran Program Descriptions

The static and dynamic solutions to the spherical membrane problem
are determined numerically with two separate Fortran programs. The
programs are capable of solving the spherical membrane problem for
a wide range of input parameters and forcing functions. The
programs described in this section were written to test a wide
variety of problems so that the version used for the "coupled
problem" would be both error free and have tested multiple user
options. Whenever possible, the common variables used in each
program have been assigned the same name. The ultimate end use of
these programs is to couple the dynamic program to the CFD code
SALE and use the static program to generate initial conditions for
the deflections. The static program is also used to check the
results of a dynamic run that is damped and has reached
equilibrium. This section gives a brief overview of the program
features followed by a flow chart which outlines the contents of
each program. The programs are located in Appendixes H and I.

The Fortran programs have a variety of boundary condition options.
The static problem requires two boundary conditions at each
boundary node. These conditions are obtained from Stokers
derivation which uses the principle of minimum potential energy to
derive the static equations of equilibrium. One set of conditions
for the static case is to specify both a tangential and normal
deflection at both boundary node points. The dynamic program
requires conditions on velocities and displacements at the end
point nodes. The dynamic program also requires initial conditions
for both tangential and normal deflections and velocities at every
node point. The boundary condition options available in the
programs ares 1. "pinned-bottom pinned-top": This option restricts
all deflection of the node points located at theta minimum and
theta -xiimum. The tangential and normal deflections at the
boundary node points are set to zero and remain zero for all
pressure loads and/or time. 2. "pinned-bottom symmetry-top": The
value of theta minimum is set to zero degrees for this option. The
boundary conditions at the peak of the sphere are symmetric, which
requires the tangential displacement to be zero and the slope of
the meridional curve to remain zero. The mathematically equivalent
statements involving neighboring node points are derived in
Appendix C. The displacement of the node point at theta maximum is
restricted to zero. 3. "linear solution": This option is simply the
linear version of the equations solved for a constant applied
pressure. The static solution was shown by Stoker to be [ w(O)=(l-
v)R 2p/(2Eh)]. The dynamic program solves the dynamic version which
is equivalent to a simple mass-spring-damper system. All of the
normal deflections are equal at any given time. 4. "infinite mass
bottom symmetry-top": The value of theta minimum is set to zero for
this option and the symmetry boundary conditions are used (see
appendix C). The boundary node at theta maximum is restricted to
motion along a circular path in the global "X,Y" coordinate system.
The radius of the circle is defined as the distance from the

9



undeformed bottom edge of the canopy at theta maximum to the point
of intersection with the global "Y" axis along a line that is
tangent to the bottom edge of the undeformed canopy. This condition
requires the value of theta maximum to be greater than 90 degrees.
This model is a closer representation of a parachute. The lines can
be visualized as a conical cone that is fixed at the apex
(intersection with the "Y" axis) and connected to the bottom edge
node at theta maximum on the spherical membrane. The development of
this boundary condition is presented in Appendix D.

Both a variably spaced grid option and a user-defined number of
node points option are incorporated into each program. The user
defined number of nodes "nth" is defined in a "parameter" statement
in both the main programs and subroutines. Therefore the programs
must be recompiled to change this option. The programs have been
run with as few as eleven node points and as many as one hundred
node points to represent the sphere. The variably spaced grid
option allows the user to define the node point locations on the
undeformed sphere with unequal spacing. This option will allow the
user of the coupled codes to use CFD grid generators and/or the
ability to cluster nodes in areas of interest. Three clustering
options (see reference 3) were used to check this capability. The
first option clusters nodes at theta minimum, the second clusters
nodes at theta maximum, and the third option clusters nodes at both
theta minimum and theta maximum. The degree of clustering for each
option is controlled by the input constant "beta". The degree of
clustering increases as beta approaches a value of one from above.
The clustering options were found to have a negligible effect on
the solution of any given problem provided the degree of clustering
is reasonable (the program will not converge properly if for
example 90 percent of the nodes are located along a 10 percent
length of the membrane).

The dimensions and material property of the spherical membrane are
also user defined and input as dimensional quantities. Any section
of a sphere can be modelled. The user must define the value of
theta minimum in degrees, which must be greater than or equal to
zero degrees. The value of theta maximum must be less than 180
degrees and greater than theta minimum. Test runs with theta
minimum equal to zero and theta maximum equal to five degrees, and
theta minimum equal to zero degrees and theta maximum equal to 179
degrees have converged. The user must also define a constant
membrane thickness, a constant value for Young's Modules of the
membrane. Also, for the dynamic program values of the material
density, tangential damping constant and normal damping constant
must be given. A wide variety of these properties were tested. Note
that the program solves the nondimensional version of the governing
equations so that certain lumped nondimensional parameters are
influencing the solution (see nondimensional parameters equation #
3).

The pressure distribution on the canopy as a function of theta was
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assumed for test runs of the model. Three options are included for
testing the model. The first option is a linear pressure
distribution which generates a linearly changing pressure along the
canopy surface from pressure values supplied at theta minimum and
theta maximum. The second option is a parabolic pressure
distribution. This option requires as input the pressures at theta
minimum, theta maximum, and the pressure at a user-defined
"interior" value of theta. The option generates a second order
polynomial fit to these three data points. The second order
polynomial is then used to calculate the values of the pressures at
any other value of theta. The third option is a user-defined
pressure distribution with which the user manually assigns values
of the pressure at each node point.

The static program uses the prescribed pressure distribution in one
of two ways. The static program can start with a value of zero
pressure on the sphere and linearly increase the pressure at each
node point to the previously defined final value in a user-defined
number of steps (the steps are necessary to guarantee convergence).
The static program can also start from a previously calculated
solution and the previously defined final pressure distribution and
calculate solutions for stepped-up values of the pressures of equal
magnitude for each node point for a user-defined number of steps.
The dynamic program uses the pressure distribution as a function of
theta in one of four ways. 1. The pressure distribution can be
considered independent of time and therefore act as a step load. 2.
The pressure distribution can start at zero and linearly increase
to the final user-defined pressure distribution over a user-defined
quantity of time. The pressure remains constant (with time) after
this time has been reached. 3. The pressures at the starting time
are the user-defined pressure distribution. The pressures at each
node are linearly decreased to a state of zero pressure and remain
at zero after a user defined time. 4. This option is the same as
the second option with one addition. The user defines a constant
pressure. The user also defines a time at which all node point
pressures will jump to the constant pressure for all future times.
These options allowed for a wide variety of pressure distributions
as a function of theta and pressure fluctuations with respect to
time.

The Fortran programs both use the SLATEC library of subroutines to
solve the governing systems of equations. The static prnaram calls
the subroutine DNSQE.f, which solves a system of ionlinear
algebraic equations. The dynamic program calls the subroutine
DDEBDF.f, which solves a system of nonlinear first-order
differential equations.

The Fortran programs discussed above are run interactively. They
produce a variety of output to the screen, which indicates progress
and intermediate results. The static program also writes to files
that are readable for new static runs and for initial conditions on
deflections readable by the dynamic program. The programs also
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write to files that are set up in a MATLAB readable matrix format.
These output files are easily read by the MATLAB software. Two
separate MATLAB programs, one for static output and one for dynamic
output, were written and are usable for postprocessing. These
programs and MATLAB's capabilities will be discussed in the next
section.

Dynamic Fortran Program Flow Chart Outline

The flow chart outline for both the static and dynamic Fortran
programs is shown in Figure 2. A description of each letter's role
in the flow chart for the dynamic program is given below. The
dynamic Fortran programs are located in Appendix J.

A. Input dimensional parameters: radius of sphere, Poisson's ratio,
Young's modules, theta minimum, theta maximum, membrane thickness,
density of membrane material, tangential damping ratio, normal
damping ratio, and the type of boundary conditions. The boundary
condition options include: 1. pinned-bottom pinned-top 2. pinned-
bottom symmetry-top 3. linear solution (normal deflections only)
and 4. infinite mass bottom symmetry-top, etc.

B. Input the type of clustering used to define the node point
positions on the undeformed sphere. The options are uniformally
spaced grid, node point clustering near theta minimum, node point
clustering near theta maximum, or node point clustering at both
theta minimum and theta maximum. The clustering options all depend
on the user-defined parameter beta which controls the degree of
clustering.

C. Input the pressure distribution on the sphere as a function of
theta. The options available are: 1. linear pressure distribution
as a function of theta. 2. parabolic pressure distribution defined
by the two end node pressures and a user-defined interior value of
theta and corresponding pressure. 3. Individual entry of each nodal
pressure value.

D. Input time information including starting time, time step (value
of time in seconds ahead of starting time at which a solution is
requested), finishing time.

E. Input pressure versus time option. The options available are: 1.
Start with all pressures equal to zero and increase them linearly
to the described pressure versus theta function at a user-defined
time. Also, keep the pressures constant for all future times. 2.
Start with the defined pressure versus theta function and linearly
decrease the pressures to zero at a user defined time and keep the
pressures zero for all future times. 3. Same as option 1. but also
define a constant pressure versus theta value to which all
pressures "jump" at a user-defined time.

F. Input initial conditions for displacements and velocities in the
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Figure 2. Flow Chart Outline for Static & Dynamic Programs

normal and tangential directions at every node point. The options
are: 1. Set all displacements and velocities equal to zero
(starting from an undeformed geometry at rest). 2. Read in a set of
displacements and velocities either from a previous run or from
output produced from the static Fortran program.

G. Input the value of three node points for which the accelerations
as a function of time will be saved. Input the number of time steps
to save, and the total number of loops for the run. Note: either
the final time or the total number of loops will terminate the
program, whichever comes first. Also the "bb" matrix for MATLAB
postprocessing is written to the output file (Note: the MATLAB
matrices and program are described later in this report).
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H. Enter the main DO LOOP.

I. Call the SLATEC program DDEBDF.f linked to the correct set of
equations which are based on the prescribed boundary conditions.
The subroutine DDEBDF.f needs the following input, which is
automatically determined by the Fortran program for each loop: 1.
A subroutine name where the governing ordinary differential
equations are located (The ODE's and subroutine must be written in
a predescribed format). 2. Current deflections and velocities at
each node point. 3. Current time and desired output time.

J. Extract the desired output if requested for this time step. This
includes the current global node point location, current
displacements and velocities at every node point, current pressure
values at each node point, hoop and meridional strain at each node
point and the hoop and meridional stress at each node point. Update
maximum and minimum values. Write this information to matrix "bb"
for postprocessing and write state of progress and current time to
screen.

K. Update the pressure distributions for the next call (if the
pressure distribution is a function of time). Update all the
parameters that have changed for the next call.

L. If current time is greater than or equal to the "final time" or
if the total number of passes through the loop has been reached,
then go to M, otherwise go to H.

M. Write final values of deflections, pressures, strains and
stresses to the screen. Write the MATLAB matrix "aa" and terminate
execution.

Static Fortran Program Flow Chart Outline

The flow chart outline for the static program is shown in Figure 2.
A description of each letter's role in the flow chart for the
static program is given below. The static Fortran programs are
located in Appendix I.

A. Input dimensional parameters: radius of sphere, Poisson's ratio,
Young's modules, theta minimum, theta maximum, membrane thickness,
and the type of boundary conditions. The boundary condition options
include: 1. pinned-bottom pinned-top 2. pinned-bottom symmetry-top
3. infinite mass bottom symmetry-top.

B. Input the type of clustering used to define the node point
positions on the undeformed sphere. The options are uniformally
spaced grid, clustering near theta minimum, node point clustering
near theta maximum, or node point clustering at both theta minimum
and theta maximum. The clustering options are all dependent on a
user-defined parameter that controls the degree of clustering.
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C. Input the pressure distribution on the sphere as a function of
theta. The options available are: 1. linear pressure distribution
as a function of theta. 2. parabolic pressure distribution defined
by the two end node pressures and a user-defined interior value of
theta and corresponding pressure. 3. Individual entry of each nodal
pressure value.

D,E,F. Input an initial guess for displacements in the normal and
tangential directions at every node point. The options are: 1. Set
all displacements equal to zero (starting from an undeformed
geometry), 2. Read in a set of displacements from a previous run.

G. Input the value of the pressure step. The pressure step is used
to increase or decrease the value of the pressures after each call
so that solutions for a variety of stepped up pressure functions
can be found with one execution of the program. Input the number of
solutions to be saved for postprocessing and the total number of
passes through the solution loop. Also the "ff" matrix for MATLAB
postprocessing is opened (Note: the MATLAB matrices and program are
described in the next section of the report).

H. Enter the main DO LOOP.

I. Call the SLATEC program DNSQE.f linked to the correct set of
equations which are based on the prescribed boundary conditions.
The subroutine DNSQE.f needs the following input which is
automatically determined by the Fortran program for each loop: 1.
A subroutine name where the governing system of nonlinear algebraic
equations are located (The equations and subroutine must be written
in a predescribed format). 2. Current "guess" deflections at each
node point. 3. Current pressure distribution at each node point.

J. Extract the desired output if requested for this pressure
function. This includes the current global node point location,
current pressure values at each node point, hoop and meridional
strain at each node point and the hoop and meridional stress at
each node point. The static program also calculates the total
vertical force at each node point. This calculation is preformed in
two ways for comparison, first by integrating the pressure
distribution over the undeformed sphere, and second by computing
the vertical component of force based on the computed meridional
stresses at each node point.

K. Update the pressure distributions for the next call. Update all
the parameters that have changed for the next call.

L. If the total number of passes through the loop has been reached,
then go to M. else go to H.

M. Write final values of deflections, pressures, strains and
stresses to the screen. Write the MATLAB matrix "hh" and terminate
executions.
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MATLAB ProQram Descriptions

The Fortran programs used to solve the static and dynamic spherical
membrane problems generate a large quantity of numerical data. The
data generated from a run must be analyzed in a logical and
efficient manner. The software package MATLAB was chosen for
postprocessing the results from both Fortran programs. The dynamic
program results presented the largest challenge because the data
are saved for a large quantity of time steps. The user must be able
to extract information of interest including deformed shape,
strains, and stresses all as a function of time. This requires the
ability of graphic animation to present the motion of the membrane
as a function of time.

This animation capability was generated in the dynamic MATLAB
program. MATLAB is capable of plotting a curve on to a fixed
coordinate system. The data plotted can be read from any portion of
a preloaded matrix. The curve can be "erased" by replotting it with
the "invisible" option in MATLAB. Therefore, to create animation,
a curve is plotted then erased for one time step, then plotted and
erased for the next time step, etc. The inclusion of a "pause"
statement before the erasing of each curve allows the user to stop
the animation at any time step. The MATLAB software is run from the
STARDENT mini supercomputer. The animation showing the results from
a dynamic program run appears as uninterrupted motion to the human
eye for runs with less than 30 node points. A list of the output
saved by the dynamic and static program in MATLAB matrix format and
the capability of the two MATLAB programs is discussed below. It
should be noted that the MATLAB programs are a valuable tool in the
debugging of the Fortran programs. The MATLAB programs will also
serve as the postprocesser of choice for future parachute
structural models including the dynamic aspects of the canopy in
the coupled problem. A brief outline of the plotting sequence from
the dynamic and static MATLAB program is given below.

Dynamic MATLAB Program:
The first graph is a listing of various input parameters of the
run. Next, the overall global shape of the canopy (as a two-
dimensional meridional line figure) is plotted and the user can
view the deformed shape as a function of time. The tangential and
normal deflections as a function of theta can also be viewed in
animation at each time step. The MATLAB program then allows the
user to plot the tangential, normal or resulting displacements,
velocities and pressures at any user-defined node point as a
function of time. The next section of the program plots hoop and
meridional strains and stresses as a function of theta in animation
with respect to time. The program also plots the pressure
distribution as a function of theta in animation with respect to
time. The program sets appropriate axes based on minimum and
maximum values that are tracked during execution of the dynamic
Fortran program. The dynamic MATLAB program is located in Appendix
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Static MATLAB Program:
The first graph is a listing of various input parameters of the
run. Next, the overall global shape of the canopy (as a two-
dimensional meridional line figure) is plotted and the user can
view the deformed shape as a function of different statically
applied pressure distributions. The tangential and normal
deflections as a function of theta can also be viewed at different
pressure distributions. The user can also plot the hoop and
meridional strains and stresses in the membrane as a function of
theta at different statically applied pressure distributions. The
program sets appropriate axes based on minimum and maximum values
that are tracked during execution of the static Fortran program.
The static MATLAB program is located in Appendix J.
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Boundary Condition Options and Examples

This section is a brief discussion of different boundary conditions
available with both Fortran programs. An example of output from
each boundary condition is presented in the next three sections.

"Pinned Top" - "Pinned Bottom":
This boundary condition restricts the movement of the node points
at theta minimum and theta maximum on the canopy to zero
deflection. Numerically this is imposed in the dynamic program by
setting the velocities and accelerations of the two end point nodes
to zero. For the static program the deflections at the two nodes
are restricted to zero deflection. The canopy is pinned at these
points for all time. The spherical membrane model does not include
bending, so large gradients can occur at these pinned points.
Clustering node points near a pinned boundary provides better
resolution.

"Symmetry Top" - "Pinned Bottom":
This boundary condition restricts the movement of the node point at
theta maximum to zero deflection and allows for a symmetry
condition at theta minimum (note that theta minimum must be
specified as zero degrees for this boundary condition). Numerically
the theta maximum boundary condition is imposed in the dynamic
program by setting the velocities and accelerations at node point
number "nth" to zero and in the static program by setting the
deflection at theta maximum equal to zero.

For the static case at theta minimum equal to zero degrees the
symmetry boundary is obtained by setting the tangential deflection
(which is equivalent to the global "X" deflection) of node point
number one equal to zero. The normal deflection condition at node
point number one is replaced with a zero slcpe equation. This
condition yields a relationship between node points number one and
two through an FDE representing the slope at the peak node and set
equal to zero.

For the dynamic program we need conditions on velocities and
accelerations at theta equal to zero degrees. The tangential
velocity and accelerations at theta minimum must be zero to keep
the node point on the global "Y" axis and preserve symmetry. ihe
condition on the normal velocity and the normal acceleration are
simply the governing differential equations modified by imposing
the zero slope condition. These equations must include the fact
that the tangential deflection at node number one is equal to zero.
The process becomes difficult due to the singularity at theta equal
to zero degrees in the governing equations. The singularity is
removed by applying L'Hopitals rule to each term in the form of
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zero over zero. The derivation is shown in Appendix C.

"Symmetry Ton" - "Infinite Mass Bottom":
This boundary condition must have theta minimum equal to zero. The
symmetry top boundary condition described in the last paragraph is
used at node number one. The boundary node at theta maximum is
restricted to motion along a circular path in the global "X,Y"
coordinate system. The radius of the circle is defined as the
distance from the undeformed bottom edge of the canopy at theta
maximum to the point of intersection with the global "Y" axis along
a line that is tangent to the bottom edge of the undeformed canopy.
This condition requires the value of theta maximum to be greater
than 90 degrees. The lines can be visualized as a conical cone that
is fixed at the apex (intersection with the "Y" axis) and connected
to node number "nth" at theta maximum on the spherical membrane.
The radius of the circle (line length) is a constant defined by the
undeformed geometry. The canopy is required to remain tangent to
the lines for all time. The development of this boundary condition
is presented in Appendix D.
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Example I

Table one contains the dimensional input parameters that are kept
constant for the three examples that follow.

TABLE 1 Constant Input Parameters for Example Problems

Input Parameter Description Input Value & Dimensions

R = Radius of Sphere 300 inches

h = Thickness of Membrane 0.005 inches

E = Young's Modules 30000. psi

v = Poisson's Ratio 0.3

p = Density of Membrane Material 9.0E-06 lbs*sec2/inches 4

C,=C,= Damping Constants 0.3

The dynamic program was run with the following input. The number of
node points used to represent the canopy is 30, theta minimum is 40
degrees, theta maximum is 140 degrees, clustering at both ends with
beta equal to 1.2. The pressure distribution applied is a step
pressure at each node point that is constant with time. The
pressure varies parabolically with theta. The pressure distribution
is symmetric about theta equal to 90 degrees. The pressure has a
value of 0.0 psi at theta minimum and theta maximum. The pressure
reaches a maximum value of -0.2 psi at theta equal to 90 degrees.
The run started at time equal to 0.0 seconds and ran through 50000
time steps of 0.000001 seconds each. The program saved data at 100
time steps and finished at time equal to 0.05 seconds. The value of
0.05 seconds corresponds to a nondimensional time of 10.01. The
displacements and velocities were set to zero at every node point
for initial conditions at time equal to zero. Therefore, the
membrane starts from rest in an undeformed state. Figure 3 shows
the undeformed shape and initial conditions shape superimposed.
Four nondimensional deformed shapes are shown at the first four
saved nondimensional time steps corresponding to iteration numbers
500, 1000, 1500, and 2000. The nondimensional tangential and normal
deflections at each of these times are shown in Figures 4 and 5,
respectively. The symmetry of the problem is clearly evident.

A plot of the nondimensional normal deflections and nondimensional
normal velocities for three separate node points as a function of
time is shown in Figures 6 and 7, respectively. The three tracked
nodes are node points 5, 10, and 15, which correspond to theta
values of 48.05, 64.88, and 88.28 degrees, respectively. The
amplitudes are slowly damping out due to the nonzero damping
ratios. The hoop and meridional strains and stresses as a function
of theta for the first four nondimensional time steps are shown in
Figures 8 to 11.
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Figure 3. Membrane Shape at Five Different Time Steps
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Figure 7. Normal Velocities Versus Time
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Examlple 2

The dynamic program with the "symmetry top"-"pinned bottom" was run
with the following input. The number of node points used to
represent the canopy is 20, theta minimum is 0 degrees, theta
maximum is 110 degrees, clustering at theta maximum was used with
beta equal to 1.2. The pressure distribution applied is a step
pressure at each node point that is constant with time. The
pressure varies parabolically with theta. The pressure has a value
of -0.2 psi at theta minimum, -0.1 psi at theta equal to 70 degrees
and 0.0 psi at theta maximum. The run started at time equal to 0.0
seconds and ran through 100,000 time steps of 0.000001 seconds
each. The program saved data at 100 time steps and finished at time
equal to 0.1 seconds. The value of 0.1 seconds corresponds to a
nondimensional time of 20.02. The displacements and velocities were
set to zero at every node point for initial conditions. Therefore
the membrane starts from rest in an undeformed state. Figure 12
shows the undeformed shape and initial conditions shape
superimposed. Four nondimensional deformed shapes are shown at the
first four saved nondimensional time steps corresponding to
iteration numbers 1000, 2000, 3000, and 4000. The nondimensional
tangential and normal deflections at each of these times are shown
in Figures 13 and 14, respectively. A plot of the nondimensional
normal deflections and nondimensional normal velocities for three
separate node points as a function of time is shown in Figures 15
and 16, respectively. The three tracked nodes are node points 5,
10, and 15 which correspond to theta values of 32.63, 67.83, and
93.47 degrees, respectively. The amplitudes are slowly damping out
due to the nonzero damping ratios. The hoop and meridional strains
and stresses as a function of theta for the first four
nondimensional time steps are shown in Figures 17 to 20.
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Figure 18. Meridional Strain Versus Theta at Five Times
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Figure 19. Hoop Stress Versus Theta at Five Times
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Example 3

The dynamic program was run with the following input. The number of
node points used to represent the canopy is 20, theta minimum is 0
degrees, theta maximum is 110 degrees, clustering at theta maximum
with beta equal to 1.1 was used. The pressure distribution applied
is a step pressure at each node point that is constant with time.
The pressure varies linearly with theta. The pressure has a value
of -0.6 psi at theta minimum and -0.3 psi at theta maximum. The run
started at time equal to 0.0 seconds and ran through 150,000 time
steps of 0.000001 seconds each. The program saved data at 100 time
steps and finished at time equal to 0.15 seconds. The value of 0.15
seconds corresponds to a nondimensional time of 30.03. The
velocities were set to zero at every node point for initial
conditions. The initial conditions on displacement at every node
point were generated by the static program. The pressure
distribution used to generate the initial shape was also linear.
The pressure varied from -0.4 psi at theta minimum to 0.1 psi at
theta maximum.

Figure 21 shows the deformed shapes generated by the static program
at eight intermediate pressure steps with the pressure distribution
used to generate the initial conditions. Therefore the initial
conditions are that the membrane starts from rest in a prescribed
deformed state. Figure 22 shows the undeformed shape and initial
conditions shape as separate curves along with four nondimensional
deformed shapes at the first four saved nondimensional time steps
corresponding to iteration numbers 1500, 3000, 4500, and 6000.

The nondimensional tangential and normal deflections at each of
these times are shown in Figures 23 and 24, respectively. Plots of
the nondimensional normal deflections and nondimensional normal
velocities for three separate node points are shown as a function
of time in Figures 25 and 26, respectively. The three tracked nodes
are node points 5, 10, and 15, which correspond to theta values of
37.5, 74.73, and 97.79 degrees, respectively. The amplitudes are
slowly damping out due to the nonzero damping ratios.

The hoop and meridional strains and stresses for four
nondimensional time steps are shown as a function of theta in
Figures 27 to 30. Figure 31 shows the deformed shape of the
membrane at different stepped up pressures. The final shape
corresponds to the pressure distribution used in the dynamic run.
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Figure 21. Static Solutions up to Initial Pressure Distribution
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Figure 22. Membrane Shape at Five Different Time Steps
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Figure 23. Tangential Deflections Versus Theta at Five Times
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Figure 25. Normal Deflections Versus Time
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Figure 26. Normal Velocities Versus Time
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Figure 27. Hoop Strain Versus Theta at Five Times
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Figure 28. Meridional Strain Versus Theta at Five Times
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Figure 29. Hoop Stress Versus Theta at Five Times
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Figure 30. Meridional Stress Versus Theta at Five Times
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Figure 31. Static Solutions up to Final Pressure Distribution
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Related Topics

The spherical membrane model is not expected to predict the entire
structural dynamic opening of a canopy. However, the model is
expected to provide valuable insight into problems associated with
coupling and requirements for future models. This section of the
report presents some other modifications and comparisons that were
made while working with the spherical membrane model.

Static Comparison with NISA Finite Element Model:
The spherical membrane equations are nonlinear. The nonlinear term
is introduced in the meridional strain equation presented in
Appendix A equation A-1. The effect of this nonlinear term will
become evident in this short section. The spherical membrane
equations were incorporated into Fortran packages for solution.
These programs are source codes which are easily modified. All
future structural dynamic models must provide source codes if they
are to be coupled with CFD codes. A search is on going for existing
software with modifiable source codes that are capable of solving
the structural dynamic behavior of canopies. So far, no codes have
been found that can solve this problem. A few simple, statically
loaded thin-shell finite element models were run using the NISA
(see reference 4) finite element package. These runs were made with
two purposes in mind. (1) To compare the static spherical membrane
results to thin-shell finite element results. (2) To determine what
elements were capable of modelling the axisymmetric problem and
determine NISA's capabilities. The results of these runs are
presented in Appendix F.

Vent and Annular Canopy Boundary Conditions:
Other boundary conditions than the three already mentioned were
investigated briefly in an attempt to model other types of canopy
designs. The ability to include a vent that is not pinned is an
important feature to include in any parachute model. This feature
should also be capable of modelling a large vent opening which
leads to the modelling of annular parachutes. An accurate model of
an annular parachute or a vent model must be capable of including
lines that are connected to a variety of locations. The spherical
membrane model does not have this capability but the inclusion of
a movable peak node could be a useful option in the coupling
problem. The usual procedure for a "free" or cantilever boundary
condition in plates or shells is to prescribe a moment-free and
shear-free end condition. However, these options are not available
in membrane theory because bending is not included in the theory.
An approximation was made to model an annular canopy boundary
condition at the first node point for any theta minimum value. This
option was included with the pinned bottom and infinite mass bottom
boundary conditions for the static Fortran programs. The condition
was coupled with only the pinned bottom boundary condition for the
dynamic Fortran programs. A brief description of the approximation
along with an example of static output is presented in Appendix G.
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Discussion of Model Tests and Limitations

This section gives a brief review of the model's potential and some
limitations. The spherical membrane model was not chosen with the
intention of modelling the entire opening process of a canopy. The
model was chosen because of its similarity to canopies and for the
purpose of being coupled with the computational fluid dynamics
package SALE. The Fortran programs are expected to be useful tools
in debugging the problems associated with coupling to nonlinear
sets of equations through a boundary. The Fortran programs are
numerically capable of solving the spherical membrane problem with
"large" deflections. These results are inaccurate for any
physically real membrane. The spherical membrane equations are
developed and based on deformations and pressure loadings on the
undeformed membrane surface. The accuracy of the equations becomes
increasingly inaccurate as deformations grow from the undeformed
shape.

The Fortran programs described in this report were tested
extensively. One sequence of tests ran the dynamic program with all
input the same except for the number of node points used to
represent the membrane. The programs converge with damping and
oscillate through the same path with 11,20,30,60, and 100 node
points being used to represent the membrane. The time for the runs
became excessive as the number of ODE's being solved increased from
44 to 400. Another set of tests ran the dynamic program with all
parameters the same except for the degree of clustering used at one
or both ends of the membrane. Again, the program converged to the
same results. The resolution of the solution near heavy clustering
or for a large number of node points would of course increase for
these tests. Also, many dynamic runs were made by starting at some
deformed position and applying some type of time-dependent load for
a given length of time. Then at a prescribed time the load would be
held constant with time and the membrane allowed to damp out. The
final damped out deflection was checked against the solution
obtained using the static Fortran program with the same final
pressure distribution. The final deflections were always the same.

The spherical membrane programs do have limitations. One problem
was encountered while executing the dynamic program with the pinned
top pinned bottom boundary conditions. The membrane initial
conditions require that all node points start from rest and the
deflections are an inflated shape of moderate deflection. The
membrane was not loaded (pressure distribution set equal to zero
for all nodes and all time). The membrane was damped and the
purpose of the test run was to see if the membrane would damp out
its motion to the undeformed spherical shape. The run will work for
small initial displacements but will not work for moderate or large
initial displacements. The problem is similar to that encountered
in a snap-through problem. The membrane will move towards the
undeformed shape and move into a state of pure compression. At some
critical value starting with the node points next to the pinned end
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nodes (for initial displacements that are generated from a uniform
pressure distribution) the solution becomes unstable and the
deflections grow until the program crashes. The critical value and
a more detailed analysis of this phenomena was not conducted
because this set of initial conditions and loading conditions is
not expected in the coupling problem.

Other problems are associated with the fact that all calculations
are based on the undeformed geometry of the spherical membrane.
This includes the inability to accurately determine the vertical
load versus time graph for moderate and large deflections. The
pressure distribution is applied to the undeformed sphere but the
coupled problem will be applying pressures based on the current
deformed geometry. Other problems and limitations will inevitably
be found during the coupling process.
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Conclusion

The major purpose of this report is to present a structural dynamic
canopy model being used by the U.S. Army Natick Research,
Development and Engineering Center as part of a larger coupling
problem. The coupling of the spherical membrane model with the
computational fluid dynamics code SALE is expected to aid in the
prediction of the complex opening problem of parachutes. The
solution of the opening problem will provide essential information
to aid in the design of high-speed and low-altitude airdrop
systems.

A static set of nonlinear spherical membrane equations are modified
to model the dynamic response of a spherical membrane to a time-
dependent pressure distribution. The two governing partial
differential equations were converted into a system of nonlinear
first order differential equations, which were finite differenced
in space and solved numerically. The Fortran programs described in
the report are capable of computing large deflections from the
undeformed spherical shape. These large deflections are not an
accurate model of a physical membrane, and the model was not chosen
with that intention. The model can however reproduce these large
"numerical" deflections which will enable Natick personnel to
investigate the problems associated with large amplitude
deflections and rapid motion in the coupling problem.

A set of Fortran programs have been written to solve the spherical
membrane model equations. The programs have been tested with a wide
range of input parameters and several examples are presented. The
programs are also capable of solving the spherical membrane problem
with a user-defined number of arbitrarily spaced node points. These
features are incorporated to permit a relatively small number of
modifications for the coupling of the codes with the significantly
more complicated computational fluid dynamics package SALE. The
major conclusions of this report are listed below.

(1) A spherical membrane model has been chosen as a first step to
represent the structural dynamic behavior of canopies.

(2) A set of Fortran programs capable of solving a large variety of
dynamic and static spherical membrane problems have been written
and tested with a variety of different input parameters. A modified
set of these programs is currently being coupled to the CFD code
SALE at Natick.

(3) A MATLAB program has been written for postprocessing the
results of the Fortran programs. The MATLAB program will also be a
useful tool for future structural dynamic canopy models and for the
structural results from the coupling problem.

(4) The spherical membrane model is not capable of solving the full
opening process of a parachute because the model includes
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compressive stresses and is not accurately modeling large
deflections. However, the model is expected to provide insight into
the difficulties of the coupling problem.
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Appendix A. Development of Dynamic Membrane Equations

This Appendix section describes the equations (A-1)-(A-4) of this
report. The addition of inertia terms and damping terms to the
static equilibrium equations developed by Stoker are discussed
first. The Stoker equilibrium equations state that the sum of the
forces in the tangential and normal direction of any differential
element of the spherical membrane must sum to zero. The equations
developed by Stoker are shown in equations (A-1)-(A-4) when the
right hand side of the equilibrium equations is set to zero and all
partial derivatives with respect to theta are changed to ordinary
derivatives. Stoker derives these equations by applying the
principle of minimum potential energy. The addition of inertia
terms requires that the sum of the forces be equal to the mass
times the respective component of acceleration of the differential
element. The acceleration is defined as the second partial
derivative of the corresponding displacement with respect to time.
The mass is computed as the product of the membrane material
density and the volume of the differential element. The damping
terms are included as motion resistors. They apply restoring forces
linear in magnitude to the respective velocity at any location on
the sphere. The damping forces are not modelling any realistic
damping process but are included to help stabilize the solution
numerically. The damping also allows the user to compare the
results of a completely damped out motion from a time-independent
load to the solution obtained from the same load applied to the
static problem. Equations (A-1)-(A-4) are six governing equations
for six unknowns which describe the dynamic response of the
spherical membrane.

Stress Strain (A-i)

Eeem=a-va, Ee,=a,-vO9

Strain Displacement

e.= 1 ( d-- auW)+ (w+U)2 w= 
1 (ucoto w) (A-2)

Equilibrium: u-direction

a1 s aw ) -. du a2 u (A-3)
Wi) R "a 7T 2

Next, the six governing equations are reduced to two partial

differential equations. The first step taken is to rewrite the
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Equilibrium: w-direction

11[sinO(aV+ U)I+ (CF+0+Rp)inO=CaWpRsinO 
2  (A-4)

stress strain equations in terms of strains. Next, substitute the
values of strains in terms of displacements from the strain
displacement equations. The resulting two equations define each
stress in terms of displacements. These two equations are
Pibstituted into the two equilibrium equations to yield the two
governing partial differential equations involving only the
tangential and normal deflections as unknowns. These equations are
shown in equations one and two of the "Formulation and Analysis"
section of the report.
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Appendix B. Development of Finite Difference Equations

This Appendix derives the Second order accurate FDE's with a
variably spaced nodal grid point option. The derivation of the
FDE's starts with the standard second order Lagrange Polynomial
shown in equation (B-i) (see reference 2).

f(x)=f(x,_) (x-x1 ) (x-x1, 1 ) +f(x)) (x-x1 )(x-x,÷,) +

( XI_-IXl) ( XI-IXI+.0 ( X.IX-,1 ) (XI-XI+1) (B 1

f (x14 . ) (x-x 1 1,) (x-x1 )
(x1. 1 ,-xI,) (x1i,-xT)

Note that for this general derivation x is the independent
variable, f is the dependent variable and h is the spacing defined
as hi=x,÷,-x 1 . The Lagrange Polynomial is differentiated with respect
to (x) and evaluated at the desired nodes. Evaluation at x=xi
yields the central difference formula. Evaluation at x=xi_, yields
the forward difference formula, and evaluation at x=x4 ,, yields the
backwards difference formula. The backward, central and forward
difference formulas for the first derivative are shown in equation
(B-2) where H is defined by H=h1 ÷,+hi.

f X+)= x- h1+, - _Xd H+ x,, 2hl+l+hi

f,(x ÷) =-f (xI-I) -h+' +R f(x') ---. +f(x i+÷*) h (B-2
h,÷, 14.1

"I 14.1. h+I

The second derivative can be computed from the Lagrange Polynomial
by differentiating with respect to x twice. The result is a
constant second derivative between any given three adjacent node
points. The second derivative is shown in equation (B-3).

f"(x 1.- ,:XXI*1 ) =f(x,-1 ) 2 -f(xi)- 2 •+f(x1 ÷,) 2 (B-3)
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Appendix C. Development of Symmetry Boundary Condition

This Appendix derives the mathematical and numerical statements
representing the symmetry boundary condition at theta minimum equal
to zero degrees. As previously mentioned, the tangential velocity
and acceleration at the peak node must be set to zero for the
dynamic program. The tangential displacement must be set equal to
zero for the static Fortran program. The value of the normal
acceleration at node number one is found by applying the
equilibrium equation at that point. The problem is that many of the
terms in the equilibrium equation are undefined at theta=0.0. For
example cot(0) is undefined. The undefined terms are in the form of
zero/zero so L'Hopital's Rule is applied to each of the problem
terms as follows;

Coto du dw du d2w

wcotO dv W d2w

coto (.)3 -b0

ucoto( )2 -.0o

u2cotO dw- 0
du 7(C-1)

ucotOM -d (d

uwcotO wdu

u3cotO -*0

ucotO -- du

ucot Cw -b du d 2W
WO2  'WC =

The first term shown in equation (C-1) is derived in equation (C-2)
to illustrate the method.

cose du dw d. [ do u dwvCtd dwdOd du dw (C-2)
dO sine d [sine] d -

The other terms are derived by the same procedure. The acceleration
at theta minimum equal to zero is rewritten by applying the
symmetry boundary conditions using the expressions from equation C-
1.

48



Appendix D. Development of Infinite Mass Boundary Condition

This Appendix derives the mathematical and numerical 3tatements
representing the infinite mass boundary condition at theta maximum.
Figure D-1 shows a schematic of the spherical membrane with
imaginary lines. The lines have a fixed length L and the model is
fixed at point A to restrict rigid body motion.

Sy

emmx

S...........
CA.NOPY( S

-- -- -- -- INES
CIRCLE L

Figure D-1. Infinite Mass Boundary Condition at e,,

The point A defines the center of a circle with a radius of length
L. The point A is defined by the intersection of the line (tangent
to the bottom edge of the membrane) with the global Y axis. The
spherical membrane still has its undeformed geometric center at the
origin of the global XY coordinate system. The infinite mass
boundary condition requires the bottom edge node of the sphere to
follow the circular arc defined by point A and radius L. The
membrane must also intersect the circular arc at a normal angle.
This condition is equivalent to restricting discontinuities at the
connection between the bottom node point and the imaginary lines.
These conditions require that the value of theta maximum be greater
than 90 degrees. The line length L is defined by the angle theta
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maximum and the radius of the undeformed spherical membrane.
Equation (D-1) is the equation of the circular arc centered at
point A of radius L.

X2+[y÷ R ]32 R2  (D-1)

sin(emax-90) tan (emax-_90) 2

Static Program Implementation:
The infinite mass boundary condition was added as an option to the
static Fortran program by writing the conditions in two equations.
The two equations are minimized by the SLATEC subroutines. The
first equation requires node number "nth" to follow the prescribed
circular arc in equation D-1. The equation is written in terms of
tangential and normal displacements and the radius squared term is
subtracted from both sides. This yields one condition that must be
minimized. The second condition is obtained by subtracting the
slope of the lines from the slope of node point "nth" which is
calculated from a backwards difference formula using node points
"nth", "nth-l", and "nth-2". The difference in slopes must be zero
if the "tangent" boundary condition is to be met. This equation can
be written in terms of tangential and normal deflections.

Dynamic Program Implementation:
The infinite mass boundary condition applied to the dynamic problem
was harder to derive. The boundary conditions are in terms of
displacements but the program needs conditions on velocities and
accelerations. The problem was solved by actually solving the
dynamic program for every node except node "nth". The system of
equations needed is reduced to 4*(nth-1). The components of
velocity at node point "nth" are interpolated from the velocities
at node points "nth-l", "nth-2", and "nth-3". The displacements at
node point "nth" are calculated within the user-supplied function
evaluation subroutine used by the SLATEC software. The value of the
displacements at node point "nth" are needed to evaluate the
acceleration function of node point "nth-l" within the function
evaluation subroutine. The value of the displacements at node point
"nth" is calculated within this subroutine as described in the
"Static Program Implementation" section. However, a fifth order
backwards finite difference equation is used to compute the slope
at node point "nth". The resulting two nonlinear equations for the
current tangential and normal displacements at node point "nth" are
solved by calling the DNSQE.f subroutine within every call to the
function evaluation subroutine.
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Appendix E. Comparison with Static Results Presented by Stoker

Stoker (see reference 5) gives results to a sample spherical
membrane problem. The same example problem was run with the static
Fortran program described here and the results compared. The input
parameters used by Stoker are defined in one nondimensional
parameter K. K is defined in equation (E-1).

K=--- =-I. 56H-03 (E-i)
Eh

The pressure is taken as a constant value for all values of theta.
The value of theta minimum equals 0.0 degrees and the value of
theta maximum is 11.4591 degrees. The problem can be visualized as
a dome with pinned edges and a constant internal pressure. The
values needed for the static Fortran program are dimensional.
Therefore the values of the thickness, radius, and Young's modules
where specified and the corresponding value of the constant
pressure was determined from equation (E-1). The value of Poisson's
ratio was also kept the same as Stokers value of 0.3. A listing of
the input values chosen is shown in Table E-1.

TABLE E-1 Definition of K in Stoker Text

Input Parameter Description Input Value & Dimensions

R = Radius of Sphere 300 inches

h = Thickness of Membrane 0.005 inches

E = Young's Modules 30000. psi

p = Pressure -0.00078 psi

The static Fortran program was run with these values and the
results were converted into graphs of the same form as the graphs
presented by Stoker. Figure E-1 shows the graphical results from
the static Fortran program run. Figure E-1 combines the three plots
presented by Stoker. The plots in Figure E-1 are identical to the
plots presented by Stoker.
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COMPARISON OF FIGURES 2.a,b, & c FROM STOKER TEXT
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Figure E-1. Comparison of Figures 2a,b, and c from Stoker Text
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Appendix F. Static Comparison with NISA Finite Element Model

The finite element code NISA (see reference 4) was used to model
the spherical membrane with "pinned bottom" - "pinned top" boundary
conditions. The NISA library of elements does not include an
element to model "membranes". The library does include shell
elements. The shell elements include bending and are therefore
stiffer than the membrane model. Also, the runs made with NISA are
linear and the comparison highlights the nonlinear contribution to
the solution of the spherical membrane equations at moderate loads.
Axisymmetric NISA elements (NKTP=36) were attempted for the problem
but were unable to converge to a smooth boundary region near the
pinned ends. The "smoothest" results were obtained by modelling the
sphere with "general 3-D shell elements" (NKTP=20). The best of
these elements for the model was found to be the six node elements
(NORDR=9). The NISA model was run with different constant pressure
distributions. The radius, thickness, Poisson's ratio, and Young's
modules are the same as those shown in Table E-1. The value of
theta maximum is 90 degrees and the value of theta minimum is 20
degrees. The model consisting of general 3-D shell elements takes
the symmetry of the problem into consideration by modelling only
one quarter of the sphere. One typical finite element grid using
150 elements and 341 node points is shown in Figure F-1.

This grid was used to solve the static program with a constant
pressure distribution of -0.001 psi for all values of theta. The
NISA-predicted displacements were converted into nondimensional
tangential and normal displacements. The results of the NISA run
are compared with the results using the static Fortran program in
Figures F-2 and F-3. The results are quite close. However, the NISA
results appear to have trouble converging smoothly near the
boundary points.

A second run was made using a similar grid to that shown in Figure
F-1 but with more elements. The grid used 2189 node points and 660
elements. The comparison run was made using the same input as the
previous run except the pressure distribution was increased by a
factor of one hundred to -0.1 psi for all theta. A comparison of
the resulting deflections is shown in Figures F-4 and F-5. The
linear NISA results are obvious by comparison to the previous
example with 1/100th of the load. The NISA run deflections
increased proportionally to the applied load. The nonlinear effect
of the spherical membrane equations is also evident. The membrane
deflections do not increase linearly with the applied load. The
membrane solutions also appear to be less stiff then the NISA
solutions, which could be due to the bending contributions included
in the NISA elements. The tangential deflection versus theta curves
illustrate this difference.
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Appendix G. Vent and Annular Canopy Boundary Conditions

This Appendix describes the approximations used to model a vent and
or an annular canopy. The method is specific to the spherical
membrane equations and an example of the approximation will be
given. The allowable boundary conditions at each end from the
derivation by Stoker reduce to specifying a condition on both the
normal and tangential deflections at each end node point. The first
condition that must be satisfied for a vent or annular canopy is
that the value of the meridional stress must be zero at the peak
node point. Physically this says that there is no meridional load
applied at that node point. Mathematically this condition is stated
in equation (G-1).

du -W+1 (L+u) 2+v(ucoto-w)=0 (G-1)

The second boundary condition at theta minimum is difficult to
determine. A variety of conditions were attempted. The best result
(based solely on the fact that the solutions yielded the most
continuous curves) was to extrapolate the value of the normal
deflection of the node point at theta minimum. This was
accomplished by fitting a second order polynomial to the normal
displacements of node points two, three, and four. The resulting
equation in terms of theta was used to extrapolate the value of the
normal deflection at node point number one. The actual physical
interpretation of this condition was not determined.

A static example using this boundary condition with nine stepped up
pressures is presented next. The example uses the infinite mass
boundary conditions at theta maximum defined as 120 degrees. The
value of theta minimum is 20 degrees. The input parameters are the
same as the parameters listed in Table E-1. Also, clustering at
both ends was used with beta equal to 1.1. The pressure is constant
for all theta and steps to a final value of -0.3 psi. The deformed
shapes are shown in Figure G-1. The tangential and normal
deflections versus theta are shown in figures G-2 and G-3,
respectively.
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Appendix H. Static Fortran Progrm•.

C STATIC PROGRAM AND ATTACHED SUBROUTINES
C ***********************t*****************************
C

c ****** NON DIMENSIONALIZED VERSION ****
c FORTRAN PROGRAM to solve static version of nonlinear
c membrane equations see "Nonlinear
c Elasticity" written by J.J. Stoker 1968 page 32.
c THE PROGRAM generates three MATLAB readable
c matrices which can be loaded into NATLAB.
c The MATLAB program STATIC.m generates graphical
c results of the run.
c

parameter (nth=20)
parameter (nnn-nth+nth)
parameter (lwam(6*nnn**2+13*nnn)/2)

C
implicit double precision(a-h,o-z)
double precision fvec(nth+nth),y(nth+nth),wa(lwa),tol
real*8 el,epi(nth)
real*8 eth(nth),h,hh(nth),nu,p(nth),parnd(nth),pi
real*8 pres(nth),presinc,r
real*8 pinc,pfact,pnow(nth)
real*8 spi(nth),spimax,sth(nth),sthmax
real*S x(nth),xmax,xxzz
integer i,ibc,info,iopt,n,nprint
col=on/prop/ nu,parnd,x,hh,pi,xmax,xmin
external ndfcn,ndfcnpt,ndfcnim
external ndrýress

C
open(12,file-'ndstatic.m')

c *****LIST OF FILES/PROGRAMS CALLED OR OPENUD*************
c open ndstatic.m
c call ndfcn.f
c call ndfcnpt.f
c call ndfcnim.f
c call ndstress.f
c open NDSTART
c open NDCONTINUE
c ******************* DEFINITIONS *********************
c aparab-constant used to generate a parabolic
c pressure distribution ipress-2
c beta -parameter used t'- generate a clustered grid
c pos. beta>1.0
c binter-intercept value used to define linear pressure
c distribution ipress-1
c bparab-constant used to generate a parabolic pressure
c distribution ipress-2
c cc -used as variable in grid generation
c cparab-constant used to generate a parabolic pressure
c distribution ipress-2
c dd -used as variable in grid generation
c el -Youngs Modulus divided by
c (one minus Poisson's ratio squared)
c em -Youngs Modulus
c epi(i)-strain "epsilon phi" at node "i"

60



c .th(i)-strain "epsilon thetao at node wi*
c epimax-max. value of epi for run
c epimin-ain. value of epi for run
c ethmax-max. value of eth for run
c ethmin-min. value of eth for run
c gamma -used in grid generation for iopt-4
c h -membrane thickness (constant)
c hh(i) -the difference in radians from theta at
c node *io to theta at node "i-1"
c i,j,k-integer counter for various loops
c ibc -parameter which defines which B.C. to use
c iopt -variable grid options four types
c ipress-pressure vs. theta options three types
c jkl -integer - 1/2 of nth (used in grid
c generation for iopt-4)
c NDSTART-file created by ndstatic.f contains two
c columns by nth rows (init. def. used by dampall.f)
c nth -total number of nodes on the membrane
c nu -Poissons ratio
c parnd(i)-non-dimensional pressure-p(i)*r/(el*h)
c pi -double precision value for pi=3.14 .....
c p(i) -pressure at node point i, a function of theta
c pslope-slope of press. vs. theta for linear
c pressure distribution ipress-1
c pyl,pxl etc. -used to generate parabola
c equation when ipress-2
c r -undeformed radius of sphere in inches
c sdefxmin-next four min and max values of deformed sphere
c sdefymin=
c sdefxmax-
c sdefymax-
c sth(i)-sigma theta at node i
c spi(i)-sigma phi at node i
c spimax-max. value of spi for run
c spimin-min. value of spi for run
c athmax-max. value of sth for run
c sthmin-min. value of sth for run
c sumin-min. value of u-deflections for the entire run
C sullax-max." U

c swmin-min. " w-def.
c swmax-max.
C W~max
c x(i) -value of theta at node "i* (theta-0.0 at top
c of sphere) max value is ax
c xmax -maximum value of theta in ****degrees****
c xmin -value of theta at top of sphere annular
c case in degrees
c y(i) -u-def. for 1 to nth,w-def. for nth+1
c zbot -used in parabolic pressure distribution ipress-2
c ztop -used in parabolic pressure distribution ipress-2
c zz -used as variable in grid generation
c ********* MATERIALS AND DIMENSIONS *******************

write(*,*)IENTER value of ibc'
write(*,*)' 1-symmetry-top pinned-bottom'
write(*,*), 2-pinned-top pinned-bottom'
write(*,*)' 3-infinite mass B.C.'
read(*,*)ibc
write(*,*)

a
write(*,*)'ENTER THE PARAMETERS WHEN ASKED "0" -DEFAULT'
write(*,*)
write(*,*)'ENTER THE RADIUS IN INCHES (300)'

61



read (*, * ) r
if(r.eq.0.0)rin300.0
write(*,*)'ENTER POISSON RATIO (0.3)'
read (*, *)nfu
if(nu.eq.0.0)nu-0.3
vrite(*,*)'ENTER YOUNGS MODULUS (30000.0)'

if(em..q.0.O)emu-30000.0

if(ibc.ne...and.ibc.ne.3)then
write (*, *) IEWTER XNIN THETAXIN AT TOP OF SPHERE (DEG) (0)'
read (* , *) xcij

else
endif
write( * *) 'ENTERt INAX THETANAX AT EDGE OF SPHERE (DIG) (90)'
read ( *,*) ax
if(xax.eq.0.0)xmaxingO.0
write(*,*)'ENTER THE MEMBRANE THICHNESS INCHES (0.005)'
read (*,*) h
if(h.eq.0.0)h-0.005
write(*,*) 'EWTER THE VALUE OF TOL (1.01-12)'
read(*, *)tol
if(tol.eq.0.0)tol-1.OE-12
pi-4.*DATAN( 1.DOO)

c ****grid generation section *****

write(*,*)'There are FOUR built in grid options'
vrite( *,*) 'ENTR 1- uniform spacing,
write(*,*)'ENTER 2- clustering at peak node (node-i)'
write(*,*)'ENTIR 3- clustering at edge node (node-nth)'
write(*,*)'ENTER 4- clustering at both ends'
read (*, *) iopt 1

if(ioptl.eq.1)then

do 7 i-2,nth,l
hh (i )-hh (1)

7 continue
hh (1)-hb (2)

endif

if(ioptl.eq.2)then
wrrite (*, *) IEWTER BETA more c lustering as beta gos to 1'
read ( *,* )beta

ZZino.0do 8 i-nth,l,-l
gazmna-zz/( (xmax-zmin)*(pi/18O.))
dd-( (beta+1. )/(beta-1. ))**ganma

x(i)-cc*(xmax-xmin)*(pi/180.)
zz-zz+hh( 1)
x(i)-xmin*(pi/190. )+x(i)

8 continue
else
endif

C

if(ioptl .eq.3)then
write(*,*)' ENT ER BETA more clustering as beta goo to 1'
read(*,*)beta
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ZZ-O * 0
do 9 i-1,nth,l
gauuaa-zz/( (xmax-xmin)*(pi/1SO.))

ccinbeta*(dd-1. )/(dd+1.)
x(i)u-cc* (1max-xumin) *(pi/18O.)
zz-zz+hh( 1)
x(i)u-xmin*(pi/180. )+x(i)

9 continue
elmse
endif

C
if(ioptl..q.4)then
vrite(*,*)'ZWNTR BETA more clustering as beta goo to 1'
read (', * )beta
write(*,*)'ENTER J1KI -1/2 of nth nth-,,nth
read(*,*)Jkl

do 119 i-jkl+1,nth,1
gA-mAu-zz/(O.5*(2amax-,auin)*(pi/18O. )-hh(.L)/2.)

x(i)-cc*(O.5*(xzmax-xmin)*(pi/18O. )-hh(1)/2.)
zz-zz+hh( 1)

119 continue
else
end if

c
do 6 i-2,nth,1

6 continue
hh( 1) -hh (2)

c PRE3SSURE SECTION
write(*,*)'ENTER the type of pressure distribution,
write(*,*)' 1-linear pressure along meridian,
write(*,*)' 2-parabolic pressure along meridian'
read(*,*)ipress

c
if(ipress.eq.l1)then
write(*,*)'Enter value of the pressure at theta-muin'
read( * ,* )p~mi
vrite(*,*)'Enter value of the pressure at theta-xax'
read (*, * )pmax
pslope-(puuax-pmin)/( (2oax-xuin)*(piI180.))
binter-pmin-pslope*,uuin* (p1/180.)
do 678 i-1,nth,1
p (i) pslope*x (i)+binter
parnd(i)-p(i)*r/(el*h)

678 continue
else
endif

c
if(ipress.eq.2)then
write(*,*)'Enter value of the pressure at theta-umin'
read(*,* )p~mi
write(*,*)'Enter value of the pressure at theta-umax'
read ( *, * )pax
write(*,*)'Enter value of theta for the third point'
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read(*,*)thetamid
writeC *, *) 'nter value of the pressure at third point,
read ( *,* ) id
pyl-pain
py2u'pmid
py3npaax
p2IlxmBain*(Pi/180.)
px2-thetamid* (pi/1SO.)
px3-xauax*(pi/180.)
ztop-(pyl-py3)* (px2-px3)-(py2..py3)*(pxl-px3)
zbot-(pxl**2.-px3**2. )*(px2-px3)-

1 (px2**2.-px3**2. )*(pxl..px3)
aparab-ztop/zbot
bparab-(aparab*(px3**2.-px2**2. )4py2-py3)/(pz2-px3)
cparab-py3-aparab'px3 **2. -bparab*px3
do 679 iinl,nth,l
p(i)inaparab*x(i) **2 .+bparab*x(i)+cparab
parnd(i)ump(i)*r/(el*h)

679 continue
else
endif

c pppppppppppppppppppppppppppppppppppppppppPIPPPPPPPPP
c write matrix of undeforimed geometry in NATLAB format

write(12,*) 'gg-['

do 333 i-l,nth,l
write(12,*)x(i)

333 continue
write(12,*) I];'

C
c INPUT INITIAL GUESS

do 5 i-2,nth,1
y( i)in0.00000001
y( i+nth)--0 .0000001

5 continue
y(l)-O.O
y(nth)-0.0
if(xuin.eq.0.0)then
y( 1+nth)in-0.0000001
else

y{ 1+nth)-0.0
endif
y(2*nth)inO.0

:umininl.0suMAXWn0.0

:wminin1.0uwmax-0. 0
sdefxmin-1l00.0
sdefymin-100 .0
udefxnax-l100. 0
sdefymaxin-100. 0
sthmax--100.0
spimaxin-lO0.0
othmininlO. 0
spimin-100.0
ethmaxin-10O. 0
epimax.-100 .0
ethmininlOO *

epininalOO .0
pain-100.O
pmax--100. 0

:.ir:.r:::: cau1000 CALL uST UP :r:J::::u
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iopt-2
n-nth+nth
nprint--l

C
write(*,*)'T1UO OPTIONS HERE:'
write(*,*)'1. Enter pressure step which is added'
write(*,*)' to the prescribed pressure at every'
write(*,*)' node after every loop'
write(*,*)'2. Enter 99 to increment pressure to final'
write(*,*)' prescribed pressure distribution linearly'
read(*, ')presinc

C
vrite(*,*)'START RUN FROM LAST STOP?? YES-i'
read(*,*)lll
if(lll.eq. 1)then

open(15,filein'NDCONTINUE')
do 888 i-1,nth,l
read(15,*)y(i) ,y(i+nth)

888 continue
close( 15)
elsee
endif
vrite(*,*)'SAVE THE END DATA FOR A NEW RUN?? YES-1'
read(*,*)kkl

if(kkl.eq.l)then
open( 15,file-InNDCONTINUB')
open( 13,file-'NDSTART')

else
endif

C
write ( **) 'ENTER THE NUMBER OF CALLS INTEGER'
read(*,*)kkll

C
pinc- . /kkll
pfact-pinc
if(presinc.eq.99)then
do 57 i-1,nth,1

pnov( i )-parnd (i)
parnd(i)u'pnow(i) *pfact
pros (i )-parnd (i)

57 continue
else
endif

C
llkksave-kkll
nuzabikkll
kdef mint (kkll/nuub)
lcount-kdef
write(12,*) 'ff-['

C
do 25 Jml,kkll,1
umaxinO.O
wmax-O.O

C
c ibc-1-syumetry-top pinned-bottom

if(ibc.eq.1)then
call dnsqe(ndfcn, jac,iopt,n,y,fvec,tol,nprint,info,va,1wa)

else
endif

c ibc-2-pinned-top pinned-bottom
if(ibc.eq.2)then
call dnsqe(ndfcnpt,jac,iopt,,n,y,fvec,tol,nprint,info,va,lwa)
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endif
c iba-3-intinite mass B.C.

if(ibc * q.*3) then
call dzlsqe(ndfcniM,jacoioptsnayopfvec,,tolDprint,JLufo,vstwo)

else
endif

C
write(*,*)'infom',info,' loop # Ili

e SHAPES SHAPES SHAPE SHAPES SHAPES SUMPE SNAPES SHAPES
if((lcount-ge.kdef) .or.j.eq.kkll)then

c
call ndstreus(x,y,hh~nu,ibc#epi,eth,

+spi,stb, etbuax, epimax, etbuin, epimin,
+sthmax, upimax, etbuin, spinin)

do 1119 i-1,nth,1
xzdef-duin(x(i) )+y(i)*dcoo(x(i) )-y(J.+ntb)*doia(x(i.))
sydef-dcos(x(i) )-y(i)*dein(z(i) )-y(i~nth)*doos(x(i))
write( 12, 1157)sxdef, Wdef~y(i) ,y(i+nth),

+prss (i),epi (i) ,eth Ci), api (i) ,uth (i)
if (sydef .gt .adefymax )sdefyuaxinaydef
if (axdef . t . defxz ) adefxax-audef
if (sydef. it. adefymin ) sdefyuininaydef
if (sxdef. it.adefmin) adefxinasxd~f
if (y(i) .lt. aumin) qumin.y (i)
if(y(i) .gt.auuax)suuax-y(i)

if (y( i+nth) .gt.aimax)aumax-y~i+nth)
if(pres(i) . t.pmin)jisin-pres(i)
if (prps ( i) . t .ymAx ) pux-pres (i)

1119 continue
llcoUntl-llcoUftl1+1
lcount-1

else
lcount-lcount+1

endif
1157 foruat( lx,el3.6,2z,e13.6,2x,e13.6,2x,a13.6,2ac,

+el3. 6, 2x,el3. 6, 2z,el3.6. 2x,e13. 6, 2x,e13 .4,25-)
c SHAPES SHAPES SHAPES SHAPES SHAPE SNAPS SHAM SUPS51

write (* ,4)
4 forznat(lx,'node#',2x,'theta(deg)',Oz,'u(i)/r',10u,

1 'v(i)/rI,3z,'p(i)*r/(el*h)')
do 10 -m1,nth,l

if(abs(y(i+nth) ).lt.1.0E-09)y(i+nth)mO.O
xx-x(i)*(180./pi)

if(abs(y(i) ).gt.umax)umax'maba(y(i))
if(abs(y(i+nth) ).gt.uma~x)wmaxinaba(y(i+nth))

10 continue
11 format(lx,14,2x,fS.3,2x,el4.5,2xrel4.5,2x~e14.5,2x,01U.5)
111 format(lx,14,4x,fS.3,3x,el4.5,4x,e14.5,4s,.*14..5)

C
if (j .ne.kkll)then
if(preainc.eq.99)then
pfact'mpfact4-pinc
do 81 kinl,nth,l
parnd(k)u-pnov(k) 'pf act
preu (k) -parud (kI)

Si continue
else



do 26 k-l,nth,1
p (k) -pCk ) +presinc
parnd(k)mmp(k)*r/(el*h)
pres(k)-parnd(k)

26 continue
endif

else
endif

if(j .eq.kkll.and.kkl.eq.l1)then
do 777 i1l,nth,l
write (15, *) y (),y (i+nth)

write(13,89)y(i) ,y(i+nth)
777 continue
89 format(lx,el3.6,3x,e13.6)

else
endif

25 continue

a ### next write final stress and straint screen t
write(*, 136)

136 format(lx,'NODZ #',4x,'THBTA',4x,'EPSILON THETA',6x
1,'EPSILON PHI',6x,'SIGNA THETA',9x,'SIGKA PHI')
do 130 i-l,nth,1
xx-x(i)*(180./pi)
write(*,135)i,xx,eth(i) ,epi(i) ,sth(i) ,upi(i)

130 continue
135 format(lx,14,3x,f6.2,4x,el3.6,4x,el3.6,4x,el3.6,5x,el3.6)

c NEXT: write parameter matrix in MATLAB format
a NOTE: Not all slots are usedit

154 formAt(lx,el2.5)
153 format(lx,19)

write(12,*) 'hh-('
write( 12,153 )nth
write( 12, 153)ibc
write(12,154)r
writeC 12, 154)em
write(12,154)x(1)*(180./pi)
write(12, 154)x(nth)*(180./pi)
write( 12,154 )beta
write(12, 153)ioptl
write(12,154)0.
write(12,154)0.
write(12,154)0.
writeC 12,154 )h
write( 12, 154 )nu
write( 12,153) licounti
write(12,154)sumin
write( 12,154 )s.mAx
write( 12, 154)swmin
write( 12,154 )swmax
write( 12,154 )pmin
write( 12,154 )pmax
write( 12, 154) ethmin
write( 12,154 )ethmax
write( 12, 154)epimin
write( 12, 154)epimax
write(12,154)sthmin
write( 12, 154)sthmax
write( 12, 154)spinin
write(12,154)spiuax
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witC (12, 154) w~etumiu 0

writo( 12,154 )sdofyuin
Wite ( 12 a 154)uxdofywsx*1.O05
write(12,153)O.
write( 12, 153)0.
wj~te( 12, 154)t
write(12,154)t
write(12,154)t
wri,te( 12, 153)lMkkave
writo( 12, 153)ipreas
vrite(12, 153)lptopt
writo(12,153)0.

stop
end

C SUBROUTINM NDICN.F

subroutine ndfcn(n,y, Loc, if lag)
parameter (nthin20)
implicit double preoiuion(a-h,o-x)
double precision y(nth+nth) ,fvec(nth+nth)
real*S afb,c,co,d,nu,paxnd(nth),pi
real*S x(nth),hh(nth),xa
integer i,n,if lag
cozumon/prop/ nu,parnd,x,bh,pi,uezx,3=in,

c BOUNDARY CONDITIONS-
c u(l)my(l)mO.0,w(nth)umy(2*nth)mO.O,ut(nt~h)-
o y(nth)inO.0,slope of v(atl)-0.O

fwec C )ry ( 1)
imi
cornO *
amy (2) /hb (1)
b-0.0
C-0.*0
d-2.*(y(nth+2)-y(nth+1) )/hh(1)**2..

c next with liiuit*sL'Bopitals-Rule
fvec(i+nth)-(a*d)-(y(i+nth)*d)+(a**,2.)
1 -(a*y(i~nth))+(3.*d*y(i)**2.)/(2.)
2 +(3.*a*y(i)**2.)I( 2.)+(a*d)-
3 y(i+nth)*d+a**2.-(y(i+nth)*a)4.a+a
4 -2.*y(i+nth)+y(i)**2./(2.)+
5 nu*(-(y~i+nth)*d)-Cy(i)**2.)
6 /(2.)-(y(i+nth)*a)+(a*d)+(2.*
7 a**2.)+(a*d)-(y(i+nth)*d)-(y(i+nth)*a)
8 +a+&-2.*
9 y(i+nth))+parnd(i)

C

fvec (uth) my( nth)
fvec(2*nth)iny(2*nth)

c NEXT INTERIOR MODES
do 10 im2,nth-1,1
co-dcos(x(i) )/dsin(x(i))

1 +y(i)*(1./hh(i)-l./hh(i+1))+
2 y(i+l)*((hh(i)/hh(i+l))*(1./(hh(i)+hh~i+1.))j))

1 2.*y(i)/(hh(i)'hh(i+l))+
2 y(i+l)*2.*(hh(i+1) **-1.) *((hh(i-)+hh(i.+1))**-1..)

1 +y(i+nth)*(hh(i)**-1.-
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2 hh(i+1)**-1.)+y(i+l+flth)*((hh(i)/hh(i+l))*(hh(i)
3 +hh(i+l))**-1.)

1 -2.*y(i+nth)/(hh(i)*
2 hh(i+l))+y(i+1+fltb)*2 .*(hh(i+l)**-l.)*((bh(i)
3 +hh(i+1))**-1.)

c next equation is 9a
fvec(i)-b-c+c*d+(y(i) )*d
1 +(y(i+nth))*c+(y(i+nth)*y(i))-
2 (11(2.))*c**3.-(3.*y(i)/(2.))*c**2.-
3 ((3.*y(i)**2.)/(2.))*c-y(i)**3.

*4 /(2.)+a*co-y(i)*co**2.+(co/(2.))*c**2.+((y(i)*
5 co))*c+((y(i)**2.)*co)/(2.)+flu*(-y(i)
6 -c-(2.*y(i)*co*c)
7 +(y(i+flth)*c)+(y(i)*y(i+flth))

*8 -(co*c**2.)/(2.)-(3.*(y(i)**2.)*co)
9 /(2.))

c next equation is 9b
fvec( i+nth)-(co*a*c)-(co*y(i+nth) *c)
1 +(co*c**3.)I(2.)+(3.*co*y(i)
2 *c**2.)/(2.)+(3.*co*c*y(i)**2.)/(2.)+(y(i)*co*a)
3 -(co*y(i)*y(i+nth))+(co*y(i)**3.)/(2.)
4 +(b*c)-c**2./
5 (2.)+(3.*d*c**2.)/(2.)+(2.*y(i)*d*c)+(3.*a*C**
6 2.)/(2.)+(2.*y(i)*a*c)+(y(i)*b)-(y(i)*c)+(3.
7 *d*y(i)**2.)/(2.)+(3.*a*y(i)**2.)/(2.)+(a*d)-(
8 y(i+nth)*d)+a**2.-(y(i+nth)*a)+a+y(i)*co
9 -2;*y(i+nth)+(y(i)*c)+y(
1 1)**2./(2.)+nu*((-y(i)*c)-(y(i+flth)*co*c)-(y(i)**2.)
2 /(2.)-(y(i+nth)*y(i)*co)+(co*a*c)-(c**2.)/(2.)+(2.*
3 y(i)*co*a)+(y(i)*co*d)-(y(i+nth)*d)-(y(i+nth)*a)
4 +a+y(i)*co-2.*
5 y(i+nth))+parfld(i)

10 continue
return
end

C
C SUBROUTINE NDFCNPT *
C

subroutine ndfcnpt(n,y, fvec, if lag)
parameter (nthin20)
implicit double precision(a-h,o-z)
double precision y( nth+nth) ,fvec (nth+nth)
real*8 a#Pb,c0,co,d,nu,parfld(flth),pi
real*8 x(nth),hh(nth),xmax
integer i,n,if lag
conunon/prop/ nu,parnd,,x~hhjpi,~wiax,xuin

c B.C. for pinned both sides
fvc( 1) -Y( 1)
fvec( l+nth)-y( 1+nth)
fvec (nth )-y( nth)
fvec(2*nth)-y(2*nth)

*c NEXT INTERIOR NODES
do 10 i-2,nth-1,1
co-dcos(x(i) )/dsin(x(i))

1 +y(i)*(1./hh(i)-1./hh(i+l))+
2 y(i+1)*((hh(i)/hh(i+1))*(1./(bh(i)+hh(i+1))))

1 2.*y(i)/(hh(i)*hh(i+l))+
2 y(i+1)*2.*(hh(i+1)**-l.)*((hh(i)+hh(i+1))**-l.)
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1 +y(1.4nth)*(bh(i)**-1.-
2 bh(i+l)**-l.)+y(J.+l+nth)*((hh(i)1bh(i+l))*(hh(i)
3 +hb(i+l))**-l.)

1 -2.*y(i+nth)I(hh(i)*
2 hh(i+l))+y(i+l.nth)*2.*(hh(i+1)**-1.)*((hh(i)
3 +hh(i+1))**-l.)

c next equation is 9a
fvoc(i)-b-c+o*d+(y(i) )*d
1 +(y(i+nth))*c+(y(i+nth)*y(i))-.
2 (lI(2.))*c**3.-(3.*y(i)I(2.))*c**2.-
3 ((3.*y(i)**2.)/(2.))*c-.y(i)**3.
4 /(2.)+a*co-y(i)*co**2.+(co/(2.))*c**2.+((y(i)*
5 co))*c+((y(i)**2.)*co)/(2.)+nu*(-y(i)
6 -c-(2.*y(i)*co*c)
7 +(y(i+nth)*c)+(y(i)*y(i+nt~h))
8 -(co*c**2.)/(2.)-(3.*(y(i)**2-)*co)
9 /(2-))

e next equation is 9b
fvec( i+nth)-(co*a*c )-(co*y(i+ath) 'c)
1 +(co*c**3.)/(2.)+(3.*co*y(i)
2 *c**2.)/(2.)4(3.*co'c'y(i)**2.)/(2.)+(y(i)'co'a)
3 -(co*y(i)*y(i+nth))+(co~y(i)**3.)/(2.)
4 +(b*c)-c**2./
5 (2.)+(3.*d*c**2.)I(2.)+(2.*y(i)*d*c)+(3.Oa*c**
6 2.)/(2.)+(2.*y(i)*a*c)+(y(i)*b)-.(y(i)*c).(3.
7 'd'y(i)"*2.)/(2.)+(3.*a'y(i)"*2.)/(2.)+(a'd)..(
8 y(i+nth)*d)+a**2.-(y(i+nth}'a)+a+y(i)*co
9 -2.*y(i+nth)+(y(i)*c)+y(
1 i)**2./(2.)+nu*((-.y(i)*c)-...y(i+ntJh)*oo*c)..(y(i)**2.)
8 /(2.)-(y(i+nth)*y(i)*co)+(co'a'c)-(c"*2.)/(2.)+(2.*
2 y(i)*co*a)+(y(i)*co*cI)-(y(i+nth)Od)-(y(i+ntb)*a)
3 +a+y(i)*co-2.*
4 y(i+nth))+parnd(i)

10 continue
return
end

C *********************#***f
C SUBROUTINES NDFCNIX.F
C ***********************r*e*

subroutine ndfcnim(n,y,fvec, if lag)
parameter (ntbin20)
implicit double precision(a-h~o-z)
double precision y( nth+nth) ,fvec (ntb+nth)
real'S a,b,c,co,d,nu,parnd(nth) ,pi
real*S x(nth),hh(nth),wxm
real' S thetal ,theta2, theta3 , zot ~ynot
real'S xnotal, ynotml ,xnotmR2, ynotu2, ybolow
real*S radius,xnth,xnthml ,xnthm2 ,ynth
real*S ynthul ,ynthu2,hi,hipl ,slope
integer i,n,if lag
co~mon/prop/ nu,parnd,x,hh,pi,xmam~xmin

c BOUNDARY CONDITIONS
c u(l)umy(1)-O.O,w(nth)-y(2*nth)-O.O,u(nth)-
c y(nth)wO.0uslope of v(atl)mO.O

fvec( 1) -Y (1)
i-i
coO0.O
a-y(2)/hh(1)
b-0..0
cin0.0
d-2.*(y(nth+2)-y(nth+l) )/hh(l)**2'.
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c next with limits:L'Hopitals Rule
fvec(i+nth)-(a*d)-(y(i+nth)*d)
1 +(co*c**3.)/(2.)+(3.*co*y(i)
2 *c**2.)I(2.)+(3.*co*c*y(i)**2.)/(2.)+(a**2.)
3 -(a*y(i+nth))+(co*y(i)**3.)/(2.)
4 +(b*c)-c**2./

5 (2.)+(3.*d*c**2.)/(2.)+(2.*y(i)*d*c)+(3.*a*c**
6 2.)I(2.)+(2.*y(i)*a*c)+(y(i)*b)-(y(i)*c)+(3.
7 *d*y(i)**2.)/(2.)+(3.*a*y(i)**2.)/(2.)+(a*d)-.(
8 y(i+nth)*d)+a**2.-(y(i+nth)*a)+a+a
9 -2.*y(i+nth)+(y(i)*c)+y(
1 i)**2./(2.)+nu*((-y(i)*c)-(y(i+flth)*d)-(y(i)**2.)
2 /(2.)-(y(i+nth)*a)+(a*d)-(c**2.)/(2.)+(2.*
3 a**2.)+(a*d)-(y(i+nth)*d)-(y(i+nth)*a)
4 +a+a-2.*
5 y(i+nth))+parnd(i)

c next B.C. at edge
if(xmax.le.90.O)write(*,*)'xmax is to small for I.14. B.C.'

c first establish constants

theta2=thetal-hh 0)(pinth)
theta2-theta2-hh (nth-)

xnot-dcos (theta 1)
ynot-dsin(thetal)
xnotml-dcos (theta2)
ynotml-dsin (theta2)
xnotm2-dcos (theta3)
ynotm2-dsin (theta3)
ybelow=-1. /ynot
radius ( xnot/ynot)

C
xnth=(1.-y(2.*nth) )*xnot-.y(nth)*ynot
ynth=(-1.+y(2.*nth))*ynot-y(nth)*xnot

ynthm1-(-1.+y(2.*nth-1))*ynotml-y(nth-l)*xnotm1
xnthm2z(l1.-y(2. *nth-.2) )*xnotzz2..y(nth.2 ) *ynotm2
ynthm2=(-l.+y(2.*nth-2) )*ynotm2-y(nth-2)*xnotm2

C
hi=xnthml -xnth
hipl=xnthm2-xnthml
slope=-ynth*( (2*hi+hipl)/(hi*(hi+hipl) ))+

1 ynthxu1*((hi+hip1)/(hi*hip1))-
2 ynthm2*(hi/(hipl*(hi+hipl)))

"c NEXT:Node nth must travel in a circle of radius-"radius"
fvec(nth)-xnth**2.+(ynth-ybelow)**2.-radius**2.

"c NEXT:Slope at node nth based on three nodes must-slope of "line"
fvec(2.*nth)-( (radius**2.-xnth**2.)**O.5)/xnth-slope

c NEXT INTERIOR NODES
do 10 iin2,nth-1,1
co-dcos(x(i) )/dsin(x(i))

1 +y(i)*(1./hh(i)-1./hh(i+1))+
2 y(i+1)*((hh(i)/hh(i+1))*(1./(hh(i)+hh(i+1))))

1 2.*y(i)/(hh(i)*hh(i+l))+
2 y(i+1)*2.*(hh(i+1)**-1. )*( (hh(i)+hh(i+1) )**....)

1 +y(i+nth)*(hh(i)**-1.-
2 hh(i+1)**-1.)+y(i+1+nth)*((hh(i)/hh(i+1))*(hh(i)
3 +hh(i+1))**-1.)

1 -2.*y(i+nth)/(hh(i)*
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2 hh(i+l))+y(i+1+nth)*2.*(hh(i+l)**-1.)*((hh(i)
3 +hh(i+1))**-l.)

c next equation is 9a
fvec(i)-b-c+c*d+(y(i) )*d
1 +(y(i+nth))*c+(y(i+nth)'y(i))-
2 (1I(2.))*c**3.-(3.*y(i)I(2.))*c**2.-
3 ((3.*y(i)**2.)/(2.))*c..y(i)**3.
4 /(2.)+a*co-y(i)*co**2.+(coI(2.))*c**2.+((y(i)*
5 co))*c+((y(i)**2.)*co)/(2.)+nu*(-y(i)
6 -c-(2.*y(i)*co*c)
7 +(y(i+nth)*c)+(y(i)*y(i+nth))
8 -(co*c**2.)/(2.).-C3.*(y(i)**2.)*co)
9 /(2.))

c next equation is 9b
fvec(i+nth)-(co*a*c)-(co*y(i+nth)*c)
1 +(co*c**3.)/(2.)+(3.*co*y(i)
2 *c**2.)I(2.)+(3.*co*c*y(i)**2.)/(2.)+(y(i)*co*a)
3 -(co*y(i)*y(i+nth))+(co*y(i)**3.)1(2.)
4 +(b*c)-c**2./
5 (2.)+(3.*d*c**2.)/(2.)+(2.*y(i)*dtc)i(3.*a*c**
6 2.)I(2.)+(2.*y(i)*a*c)+(y(i)*b)-(y(i)*C)+(3.
7 *d*y(i)**2.)/(2.)+(3.*a*y(i)**2.)/(2.)+(a*d)-(
8 y(i+nth)*d)+a**2.-(y(i+nth)*a)+a+y(i)*co
9 -2.*y(i+nth)+(y(i)*c)+y(
1 i)**2.I(2.)+nu*((..y(i)*c)-(y(i+nth)*co*c)-(y(i)**2.)
2 /(2.)-(y(i+nth)*y(i)*co)+(co*a*cy-(c**2.)/(2.)+(2.*
3 y(i)*co*a)+(y(i)*co*d)-.(y(i+nth)*d)-(y(i+flth)*a)
4 +a+y(i)*co-2.*
5 y(i+nth))+parnd(i)

10 continue
return
end

C
C SUBROUTINE NDSTRESS.*F
C **************************

subroutine ndstress(x,,y,hh~nu,ibc,epi,eth,
ispi, sth,ethmax,epimax,ethmin,.pimin,
2sthmax, spimax, sthmin, spimin)

parameter (nth-20)
implicit double precision (a-h,o-z)
real*8 a,c

real*8 hh(nth),nu,x(nth)
real* 8 othmax, spiuzax, stbmin,spimin
real* 8 ethmax, epimax, ethmin~epiznin
dimension y( nth+nth)
integer i,ibc

c first for node # 1
if(ibc.ne-.21.and.ibc.ne.3)then
a--y(l)*( (2*hh(2)+hh(3) )/(hh(2)*(hh.(2)+hh(3) ) ))+

1 y(2)*((hh(2)+hh(3))/(hh(2)*hh(3)))-y(3)
2 *((hh(2))/(hh(3)*(hh(2)+hh(3).)))

c -y(l+nth)*( (2.*hh(2)+hh(3) )I(hh(2)*(bh(2)bhh(3) ) ))+
1 Y(2+nth)*((hh(2)+hh(3))/(ýhh(2)*hh(3)))-
2 y(3+nth)*(hh(2)I(hh(3,)*(hh,(2)+hh(3))))

eth(1)-(a-y(l+nth) )+(O.5)*(c+y(1) )**2.
epi(l)'my(1)*(dcos(x(l) )Idsir(x(1) ) )-y(1+nth)
sth( 1)-eth(1)+nu*epi(1)
spi(1)-epi(1)+nu*eth( 1)

else
a-y( 2) Ihh( 1)

72



epi(l1)-a-y( 1+nth)

api(l)-epi( 1)+nu*eth(l)

endifdo 30 i-2,nth-1,1

1 y(i)*(1./bhl(i)-l../hh(i+l))+
2 y(i+1)*((hh(j)/hh(i+1))*(l./(hh(i)+hh(i+1))))

1 y(i+nth)*(hh(i)**-l.-hh(i+1)**-1.)+
a 2 y(i+l+nth)*((hh(i)/hh(i+l))*(hh(i)+hh(i+l))**-l.)

epi(i)-y(i)*(dcos(x(i) )/duin(x(i)) )-y(i+nth)
sth(i)-eth(i)+nu*epi(i)
spi(i)-epi(i)+flu*eth(i)

30 continue
c next for node # nth

ly(2nthl)*((2hh(nth)+hh(nth-1))/(hh(flth)*(hh(flth-1)))yn

3+hh(nth))))
eth(nth)-a-y(2*nth)+(0.5)*(c+y(nth) )**2.

sth(nth)=eth(nth)+nu*epi(nth)
spi (nth ) epi (nth) +nu*eth (nth)
do 40 i-1,nth,1
if(sth(i) .gt.stbmax)sthmax~sth(i)
if(spi(i) .gt.spimax)spimax-spi(i)
if(sth(i) .lt..sthbin)sthzain-sth(i)
if(spi(i) .lt.spimin)spiminuspi(i)
if(eth(i) .gt.ethmax)ethmax-eth(i)
if(epi(i) .gt.epiinax)epimax-epi(i)
if(eth(i) .lt.ethmin)ethmin-eth(i)
if(epi(i) .lt.epimin)epimin~epi(i)

40 continue
return
end
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ADpendix I. Dynaic Fortran Proarama

C ****************************************************

C DYNAMIC PROGRAM AND ATTACHED SUBROUTINES
C ****************************************************
c
c ************** NONDIMENSIONAL VERSION **** **
c FORTRAN PROGRAM to solve dynamic version of nonlinear
c membrane equations see "Nonlinear
c Elasticity" written by J.J. Stoker 1968 page 32.
c The equations are solved by calling the subroutine
c DDEBDF (SLATEC LIBRARY) etc. which solve a system of
c first order differential equations. The program
c DDEBDF.F calls one of the following subroutines
c depending on the prescribed boundary conditions
c dampdf.f, dampdfl.f, dampdfpt.f, or dampdfim.f
c (ibc-I,2,3 or 4).
c These subroutines are (user supplied) and are
c located in this directory. Theses subroutines
c call the functions dampea.f,dampeb.f and dampfcn.f in
c this directory. The program can handle a variable
c grid and has 3 clustering options. Parameters are
c input for each run. The number of nodes used to solve
c the problem can be changed by changing the
c parameter statement for (nth) in this program
c and in dampdf.f , dampdfl.f ,dampdfpt.f,dampdfim.f,
c dampfcn.f, and dampstress.f. Dampstress.f is used to
c calculate stresses and strains at various times.
c
c NOTE: The parameters are entered in dimensional form
c but output and internal computatio'is are done in
c nondimensional form. Also, three pressure
c distributions as a function of theta are included.
c These are (1) linear (2) parabolic (3) user defined
c at each node. The pressure can be changed as a function
c of time three separate ways. (1) linearly from p-0.0
c to pfinal (2) linearly from pstart to p-0.0
c (3) same as one with a time option which sets
c all p(i)-constant
c
c OUTPUT: The program generates OTHREE" matrices aa bb
c and cc. aa and cc are saved in
c the file AAMatrix.m. This file can be
c loaded into the MATLAB software. The bb matrix
c is saved in bb.mat and can be loaded in
c MATLAB with the command "load bb"
c The MATLAB program DYNAMIC.m is used to
c view the results of a run.
c

parameter (nth-20)
parameter (lrw-250+lO*4*nth+16.*nth*nth)
parameter (liw-55+4.*nth)

c
implicit double precision (a-h,o-z)
real*8 atolbeta,cccu,cw,dd
real*8 el,em,epi(nth),eth(nth),gauma
real*8 hhh(nth),nu,parnd(nth),pi
real*8 pf(nth),p(nth),r,rhortol,rwrk(lrw)
real*8 spi(nth),spimax,sth(nth),sthmax,tuteptfinal
real*'- sumax,swmax,xmaxxmin,x(nth),xx(3),xxl,zx
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real*8 yl,y2,y3,y4,y5,y6,y7,yS,xend
real*8 tin,tout,toutin
dimension rpar(500),y(4*nth)
dimension yt(4*nth-4)
integer cont,i,ibc,idid,info(20),iopt,ipar(nth)
integer iwork(liw),J,k,neq

c
common/propl/ x,yl,y2,y3,y4,y5,y6,y7,y8,xend

C

external dampdf,dampdfl,dampdfpt
external dampfcn,dampdfim

c LIST OF FILES/PROGRAMS CALLED OR OPENED ***** *
c external'dampdf.f (for ibc-1)
c externalidampdfl.f (for ibc-2)
c external-dampdfpt.f (for ibc-3)
c external-dampdfim.f (for ibc-4)
c called from above two programs
c function-dampea.f
c function-dampeb.f
c external"dampfcn.f (for ibc-4)
c opened-NDSTART
c opened-AAMatrix.m
c opened-bb.mat
c called-ddebdf.f (equation solver)
c called=dampstress.f calculates stresses and strains
c * DEFINITIONS ***********

c aparab=constant used to generate a parabolic
c pressure distribution ipress-2
c atol -"absolute" error tolerance used in DDEBDF.F
c beta -parameter used to generate a clustered grid
c pos. beta>l.0
c binter-intercept value used to define linear pressure
c distribution ipress-l
c bparab-constant used to generate a parabolic pressure
c distribution ipress-2
c cc -used as variable in grid generation
c cont -used to control output to screen
c cparab-constant used to generate a parabolic pressure
c distribution ipress-2
c cu -damping ratio in u-direction
c cw -damping ratio in w-direction
c dampdf=External subroutine
c dampdfim-External subroutine
C dampdfl-Bxternal subroutine
c dampdfpt-External subroutine
c dampea-External function
c dampeb-External function
c dampstress-External subroutine
c dd -used as variable in grid generation
c deltat-tout-tin used to determine u and w vel at
c node nth when using i.m. b.c.
c el -Youngs Modulus divided by
c (one minus Poisson's ratio squared)
c em -Youngs Modulus
c epi(i)-strain "epsilon phi" at node "i"
c eth(i)-strain "epsilon theta" at node "i"
c epimax-max. value of epi for run
c epimin-min. value of epi for run
c ethmax-max. value of eth for run
c ethmin-min. value of eth for run
c gamma -used in grid generation for iopt-4
c h -membrane thickness (constant)
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c hh(i) -the difference in radians from theta at
c node "i" to theta at node "i-l"
c i,j,k,m-integer counter for various loops
c ibc -parameter which defines which B.C. to use
c idid -integer value sent back by DDEBDF.F to
c report status of run
c info(i)-input parameters used in DDEBDF.F
c iopt -variable grid options four types
c iprems-pressure vs. theta options three types
c iwork -integer work array used by DDEBDF.F
c Jkl -integer - 1/2 of nth (used in grid
c generation for iopt-4)
c kdef -value used to determine when to print
c to b[] matrix
c icount-counter used with kdef to print output
c to b[ ]matrix
c liv -dimension of iwork used by DDEBDF.F
c llcountl-number of sets of data saved in bb[] matrix
c llkk -user input for total # of calls to DDEBDF.F
c llkkeave-llkk sent to defsave.m
c lpcount-counter used to determine when to print to
c screen every lpcounter loops
c lpvstime-parameter for pressure vs. time
c (if-i then pressure changes with time)
c lptopt-three pressure vs time options
c lrw -dimension of rwork array used by DDHBDF.F
c NDSTART-filee created by ndstatic.f contains two
c columns by nth rows (init. def.)
c neg -number of equations to be solved by DDEBDF.F
c nth -total number of nodes on the membrane
c nu -Poissons ratio
c numb -# of "sets" of output to be saved
c parnd( i)-non-dimensional pressurehmp(i)*r/(el*h)
c pi -double precision value for pi-3.14 .....
c p(i) -pressure, a function of theta and time psi
c pf(i) -pressure final when lpvstime-I
c pfin -final "constant vs theta" pressure
c used when lptopt-3
c pfthree-time for which p(i)-O.O when lpopt-3
c pft-time input used in lptopt options
c pmax -used to define pressure lin. and para.
c also used to save pmaximum
c pain -used to define pressure lin. and para.
c also used to save pminimum
c ppa-parameter used to change pressure each time step
c ppstep- parameter used to change pparam each time step
c pslope-slope of press. vs. theta for linear
c pressure distribution ipress-I
c pyl,pxl etc. -used to generate parabola
c equation when ipress-2
c r -undeformed radius of sphere in inches
c rho -density of material (lbf*sec**2)/in**4
c rpar(i)-used to pass info to and from DDBBDF.F
c rtol -tolerence parameter used by DDZBDF "relative error"
c rwork(lrw)-vork array used in DDZBDF.F
c sdefxmin-next four min and max values of deformed sphere
c adefymin-
c sdefxmax-
c sdefynax-
c sumin-nin. value of u-deflections for the entire run
C sumax-max. " S

c wmain-mmn. v-def.
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c swmax-max.
c ath(i)-sigma theta at node i
c spi(i)-sigma phi at node i
c spimax-max. value of spi for run
c spimin-min. value of spi for run
c sthmax-max. value of nth for run
c sthmin-min. value of nth for run
c t -current time ND
c test3 -used when lpvstime-I to determine if
c a restart is needed info(1)-0
c tester-used when lpvstime-1 to determine if
c a restart is needed info(1)-0
c tfinal-time at which run stops if larger
c than time from loop 100
c tfinish-dimensional time used for aa[]matrix
c tin -time used to start call
c tout -current attempted output time ND
c toutin-time we want to reach during this
c run through loop
c toutsave-saves original value of tout for aa[]matrix
c tstart-saves starting time of run
c tstep -value added to tout for each call to DDERKF
C wmax -
c x(i) -value of theta at node *i" (theta-0.0 at top
c of sphere) max value is xmax
c xmax -maximum value of theta in ****degrees****
c xmin -value of theta at top of sphere annular
c case in degrees
c xoldu -value of u-def at node nth tstep before
c present (used with i.m. b.c.)
c xoldw -value of w-def at node nth tatep before
c present (used with i.m. b.c.)
c y(i) -u-def. for 1 to nth,u-vel. for nth+1
c to 2*nth, etc.
c yt(i) -used in i.m. b.c. u-def. for 1 to
c nth-l,u-vel. for nth to 2*nth-1, etc.
c zbot -used in parabolic pressure distribution ipress-2
c ztop -used in parabolic pressure distribution ipress-2
c zz -used as variable in grid generation
c
c *********** NEXT: BOUNDARY CONDITIONS *****************
c
c ibc used to call the correct subroutine for the required
c boundary conditions
c ibc-1 is for pinned boundary conditions at node
c nth (calls dampdf.f)
c ibc-2 is for linear case (calls dampdfl.f)
c ibc-3 is for pinned b.c. at "top" and "bottom*
c nodes (calls dampdfpt.f)
c ibc-4 is for infinite mass b.c. (not annular) calls
c dampdfim.f which calls dampfcn.f
c ibc-5 is for FUTURE B.C.

write(*,*)'CHOOSE BOUNDARY CONDITION??'
write(*,*)'ENTER I - pinned boundary at node nth'
write(*,*)'ENTER 2 - linear case boundary conditions'
write(*,*)'ENTER 3 - pinned b.c. at top and bottom annular'
write(*,*)'INTER 4 - infinite mass B.C.'
write(*,*)'ENTER 5 - FUTURE!I1'
read(*,*)ibc

c
c **re*********** MATERIALS AND DIMENSIONS *******
c * NOTE: parameters are input in dimensional form *
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c
vrite(*,*)'ENTRR THE PARAMETERS, "0 FOR (**) DEFAULT'
write(*,*)
vrite(*,*)'ENTRR THE RADIUS IN INCHES (300)'
read (*, * )r
if(r.*q.O.0)r-300.0
write(*,*)'ENT8R NU (0.3)'
read (*, * )nu
if(nu.eq.0.0)nu-0.3
write(*,*)'ENTXR YOUNGS MOD. psi (30000.0)'
read (*, *) m
ifem.eq.0.0)em-30000.0

if(ibc.eq.3)then
write(*,*)'ENTER XMIN THETAXIN AT TOP OF SPHERE (DEG) (0)'
read (* ,* )xuin

else
xmin-0.0

endif
write(*,*)'ENTER XKAX THETANAX AT EDGE OF SPHERE (DEG) (90)'
read( * * )xoax
if(xmax.eq.0.0)xmax-90.0
write(*,*)'ENTER THE MEMBRANE THICKNESS INCHES (0.005)'
read(*,*)h
if(h.eq.0.O)hin0.005
write(*,*)'ENTER THE MASS DENSITY OF THE MEMRANE (9.03-06)'
read (*, * )rho
if(rho.eq.0.0)rho-9.0E-06
write (*,*) 'ENTER THE U-DAMPING RATIO
read (*, *) cu
rpar (6)-cu
write(*,*)'EUTZR THE V-DAMPING RATIO'
read( *,* ) w
rpar (7) -cv
pi-4.*DhTAN(1.DOO)

c GRIDS ... GRIDS ... GRIDS ... GRIDS ... GRIDS ... GRIDS ... GRIDS...
write(*,12)

12 fra~xI**********************'
vrite(*,*)'THRZR ARE FOUR TYPES OF GRID SPACING OPTIONS&'
vrite(*,*)'ENTER 1- uniform spacing'
write(*,*)'EUTER 2- clustering at peak node (node-i)'
write (*,*) 'ENTER 3- clustering at edge node (node-nth),
write( *,*) 'ENTR 4- clustering at both ends'
read (*, * ) opt
hh(1)-(xmax-xmin)*(pi/180. )/(nth-1)

c
if(iopt.eq.l)then
x(1)-xmin*(pi/180.)

do 5 iin2,nth,1
hhb(i )-hh (1)
x(i)-x(i-1)+hh(i)

5 continue
else
endif

c
if(iopt.eq.2)then
write (*, ,*) I ENTER BETA more clustering as bets gos to 1'I
read (*, * )beta
ZZ-0.0
do 8 i-nth,1,-1
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gauma-zz/( (xuaax-xmifl)*(pi/18O.))

zz-zz+hh( 1)
x(i)-mmtn*(pi/1SO. )+x(i)
vrite(*,*)iX(i)*(lSO./pi)

8 continue
else
endif

C
if(iopt.eq.3)then
write(*,*)'ENTER BETA more clustering as beta go. to 1'
read (*,* )beta
zzO0.
do 9 i-1,nth,1
gammam-zz/( (xmax-xmin)*(pi/l8O.))

cc-beta*(dd-1. )I(dd+1 .)
x(i)-cc*(xmax-xmin)*(pi/18O.)
zz-zz+hh( 1)

write(*,*)i,x(i)*(18O./pi)
9 continue

else
endif

c
if(iopt.eq.4)then
write(*,*)IENTER BETA more clustering as beta gos to 1'
read(*,*)beta
vrite(*,*)'ENTER JKL -1/2 of nth nth-,,nth
read(*, *)Jkl

do 119 i-Jkl+1,nth,1
gamma-zz/(O.5*Oxmax-2Win)*(Ipi/lSO. )-hh(1)/2.)
dd-( (beta+1. )/(beta-1. ))**gaflm
cc-beta*(dd-1. )/(dd+1.)
x(i)-cc*(O.5*(xmax-xmhin)*(piI8Oo.)-hh(l)/2.)
zz-zz+hh( 1)

119 continue
do 219 i-1,nth,1
write(*,*)i,X(i)*(1SO.Ipi)

219 continue
else
endif

c next: establish grid spacing
do 6 i-2,nth,1

6 continue
hh( 1) -hh (2)

c GRIDS ... GRIDS ... GRIDS ... GRIDS ... GRIDS ... GRIDS ... GRIDS
c PVSTHETA.....PVSTHZTA.... PVSTHETA.....PVSTBETA.....PVSTHETA

write(*,*)'***** PRESSURE SECTION *****

writeC*,*)'ENTER the type of pressure distribution'
write(*,*)' 1-linear pressure distribution,
write(*,*)' 2-parabolic pressure distribution'
write (*, *)' 3-YOU DEFINE THE PRESSURE AT EACH NODE'
read( *,*)ipress

c
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werite(0,*)'Knter the value of the pressure at thetawuin'
read (**0) pain
write(',') lnter the value of the pressure at theta-miax'
read ( *,* ) pn
pslopea'(puax-pmin)/( (zax-xuin)*(pi/18O.))
binteruspoin-~polopexmuin* (pi/iSO.
do 678 i-1,nth,1
p(i )-pslope~x( i)+binter
parnd(i)u-p(i)-r/(el~h)

678 continue
else
endif

C

if(ipress.eq.2)then
vrite(*,*)'Enter the value of the pressure at thetau'3ain,
read(0, * ) pin
write(*,*)'Enter the value of the pressure at theta-mxua'
read ( ** ) Fax
vrite(*,*)'Enter the value of theta for the third point,
read(* , *)thetaznid
write(*,*)'Enter the value of the pressure at third point'
read (*, *) paid
pylinpain.
py2inpaid
py3umpmax
pxlmxzmin*(pi/180.)
px2-thetamid* (pi/1SO.)
lpx3-xmax*(pi/18O.)
ztop-(pyl-py3) 0(px2.-px3 )-(py2-py3 ) (pzl-px3)
zbot-(px1**2.-px3**2. )*(px2-..px3)..

(px2**2.-px3**2. )*(pxl-px3)
aparab-ztop/abot
bparab-(aparab 0(px3**2.-px2**2. )+py2-.py3)/(px2..px3)
cparab-py3-aparab~px3**2 .- bparab~px3
do 679 i-1,nth,l
p(i)-aparabox(i) *02.+bparabox(i)+cparab
parnd(i)a-p(i)*r/(el*h)

679 continue
else
endif

c
if(ipresu.eq.3)then
write (0,0)'Enter the pressure at each node when asked,
do 677 i-1,nth,1
vrite(*,*)'NTR= the pressure at node # .
read (0,0)p (i)
parnd(i)u'p(i)*r/(el~h)

677 continue
else
endif

c PVSTNETA ... PVSTETA ... P..RTA... * ... TA...* PYSTRETA
c PVSTIIE .... PVSTI..... .PVSTINU. ..... PSI3.... .PVSTINE

write(*,12)
write (0,0) '0 YOU WANT TUE PRESSURE TO CHANGE WI1TH TIN???
vrite(*,*)'IF YES ENTER 1 IF no ENTER ANY OTHER #'
read(*,*)lpvstime
if( lpvstine.eq.l1)then
writo(*,*) 'TBE FOLLOWING OPTIONS ARE AVAIL&BLE'
write(*,12)
write(*,*)'11START vith all p(i)-O.O and linearly increase'
write(*,*)Ithe pressure values to p-final at user defined t,
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write(*,*)
write(*,*)'2-START from p(i)-given above and decrease the,
vrite(*,*)'presuure to p(i)-zero at user defined time'
write(*,*)
write(*,*)'3-same as #1 but all p(i) go to p(i)-user defined,
write(*,*)'constant at a uuer defined time,
write(*,12)
write(*,*)'ENTER THE OPTION NUMBER'
read(*, *) iptopt

if(lptopt.eq.l)then
do 543 i-l,nth,l
pf (1)-iparnd (i)
parnd(i)-O.O

543 continue
write(*,*)'ENTER THE TIME AT WHICH PFINAL IS TO BE REACHED'
read(*,*)pft

else
endif

c
if(lptopt.eq.2)then
do 544 i-1,nth,l
pf(i)u'parnd(i)

544 continue
write(*,*)'EHTER THE TINE Am WHICH P-0.0 IS TO BE REACHED'
read(*,*)pft

elue
endif

if(lptopt.eq.3)then
do 545 i-1,nth,l
pf ( i)-parnd (i)
parnd(i)0O.O

545 continue
write(*,*)'ENTER THE TIME AT WHICH PFINAL IS TO BE REACHED'
read (*,* )pft
write(*,*)'ENTER THE TINE AT WHICH P IS TO JUMP TO pfin'
read(*, *)pf three
vrite(*,*)'ENTER THE PRESSURE pf in for nodes after above time'
read(*,*)pf in
pfin..pfin*r/ (el*h)

else
endif

else
endif

c PVSTINZ .... PVSTINE .... PVSTINE .... PVSTINE .... PVSTINE....
c $$$$$$$ next some set up for call to DDZBDF.F $$$$$$$$$

t-0.*0
tstartint
write(*,*)'ENTER THE VALUE OF TOUT (0.00002)'
read(*,*)tout
if(tout.eq.O.O)tout-O.00002
toutsave-tout
write(*,*)'ENTER THE VALUE OF TSTEP (0.00002)'
read( *, *)tstep
if(tstep.eq.0.O)tstep-O.00002
write(*,*)'ENTER TH{E VALUE OF TYINAL (0.1)'
read( *, *)tfinal
if(tfinal..q.0.0)tfinal-0. 1
infoC 1)inO
info(2)-0

81



info(3)-0
wrcite(*,*)'ENTER THE VALUE OF RTOL (0.000000001),
read(*,*)rtol
if(rtol.eq.0.0)rtol-0.000000001
write(*,*)EZNTER THE VALUE OF ATOL (0.000000001)'
read(*,*)atal
if (atol.eq. 0.0)atol-0.000000001
rpar(2)-nu
ipar (1) rth

c NEXT:NORE ON PRESSURE VS TIME
c PVSTIME .... PVSTIME .... PVSTIME .... PVSTIME .... PVSTIME....

if(lpvstim..eq.1)then
if(lptopt..q.l1.or.lptopt.eq.3)then
pfthree-pfthre.*( (rho*r**2. )/el)**-0.5
ppstepru(tout/pft)
ppawppetep

if(ppstep.ge..1.0)then
write(*,*)'THE VALUE OF ppatep IS GREATER THAN ONE'
write(*,*), therefore pressures are pf(i) at t-0.01
do 13 iinl,nth,1
parnd(i)-pf(i)

13 continue
else
endif

endif
C

if(lptopt.eq.2)then
ppainl.0-1. *(pft/tout) **-1.0
ppstep-- . * (pft/tout) **-1.0

else
endif

else
endif

c PVSTINZE.... PVSTIHE .... PVSTIN3 .... PVSTIM .... PVSTZNL....
c NEXT: nondimensionalize the times

toutmtout*( (rho*r**2. )Iel)**-0.5
tutep-attep*( (rho*r**2. )/el )**-0.5
tfinal-tfinal* ((rho*r**2. )/el )**-0.5

c INIT.COND ... INIT.COND... .INIT.COND.... IUIT.COND.... INIT.COUD..
do 10 i1l,nth,1
y (i )-o *

y(i+nth)u'0.0
y(i+nth*2)mO.0
y(i+nth*3 )-0. 0
rpar(i+3*nth)-x(i)
rpar(i+2*nth)-hh(i)
rpar (i+nth )-parnd (i)

10 continue
c next NDSTART is a data file generated
c from the program wndstatic.f"
c you may start the run with this deflection
c and zero initial velocity

writeC*(*,*)' !INTE INITIAL QUESS FOR DEFLECTIONS'
write(*,*)IENTER 0-all nodes start from undeformeI position'
write(*,*)'ENTER 1-start in deformed state defined in STARTUD'
read (*, *) jj
if(jj.eq.1)then
apen( 13,file-'UDSTART')
do 149 i-l,nth,1
read(13, *)y(i),y(i+2*nth)
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write(*,*)y(i) ,y(i+2*nth)
149 continue

else
end if

c INIT.COND ... INIT.COND ... INIT.COND ... INIT.COND...INIT.COND..
c INIT.COND.LINEAR.....INIT.COND.LINEAR... .INIT.COND.LINZAR
c LLLLLL.T if ibc-2 prescribe values of v at time m 0. 0 LLLLLLL-1.

if(ibc.eq.2)then
write(*,*)'YOU HAVE CHOSEN IBC-2 LINEAR BC
write(*,*)'YOU CAN PRESCRIBE THE LINEAR SOLUTION FOR W,
write(*,*)'START WITH LINEAR SOLUTION?? yeam99,noinany #1
read( *, * )j
if(j .eq.99)then
do 11 iinl,nth,1
y(i+2*nth)-( (1.-nu)*p(i)*r**2. )I(2.*em*h)

c next nondimensionalize
y( i+2*nth)-y(i+2*nth) *1./

11 continue
write(*,*)'the value of y(3+2*nth)-',y(3+2*nth)

else
endif

else
endif

c INIT.COND.LINEAR ....INIT.COND.LINEAR... .INIT.COND.LINEAR,
write(*,*)'ENTER # of time steps to save'
read( *1*)numb

C

open(14,file-'bb.mat')
open(15,file-'AAKatrix.m')

C

sumin-1.0
sumax=0 *0
awmin-1.0
awmax-0.*0
odefxaain-100.0
udefymininl00. 0
adefxmaxm-100 .0
sdefymax--100 .0
uthmax--100.0
upimax--100. 0
sthmin-100.0
spimin-100.0
ethmax--100 .0
epimax--100. 0
ethmin-100.0
epimin-100.0
pzain-100 .0
pmaxin-100.0

C

call dampstress(x,y,hh,nu,ibc,epi,eth,
+spi, sth,ethmax,epimax,ethmin,epimin,
+sthmax, spimax, sthmin, spimin)

c
write( 14, 157 )t,0. 0,0. 0,0. 0,

+0.*0,0.*0, 0.0,0.0,0.0,0.*0,0.*0,0.0,0.*0
do 1118 i-l,nth,1
write(14,157)dsin(x(i) ),dcos(x(i) ),y(i),y(i+2*nth),

+y(i+nth) ,y(i+3*nth) ,rpar(i+nth) ,epi(i) ,eth(i),
+spi(i),ath(i),rwork(20+i+nth),rwork(20+i+e3*nth)

llcountl-1
1118 continue
1157 format(l1x,14,2x,el3.5,2x,e13.5,2x,el3.5,2x,e13.5)
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157 format(lx,o13.5,2x,e13.5,2x,e13.5,2x,el3.5,2x,e13.5,
+2x, 13.5, 2x, 13 .5, 2x,e13 .5, 2x,el3 .5, 2x,el3.5, 2x, @13 .5,
+2x,o13.5,2x,o13.5)

$$$$$ CALL EQUATION SOLVER DDEBDF.F $$$$$S$$$

xoldu-y( nth)
xoldw-y(3*nth)
neqn4 *nth
write (*, *)' ENT ER THE TOTAL # OF LOOPS FOR RUN
read(*,*)llkk
llkksave-llkk
kdef-int( llkk/numb)
lcountinkdef
cont-0
lpcountin25

c ***** NEXT t: BIGLOOP
do 100 J-1,llkk,l

c NEXT: :RESTART NEEDED IF PRESSURE CHANGING WITH TIME
if(lpvstime.eq.1.and.test3.eq.1.0)info(l)-0

C
c 1111l11111111111 PINNED BOTTOM BOUNDARY CONDITION 1111111

if(ibc.eq.1)then
tin-t
toutin-tout
call ddebdf(dampdf,neq,t,y,tout,info,rtol,atol,idid,

1 rvork, lrv, iwork, liv, rpar, ipar,djac)
c next line continues integration past 500 if nessecary

if(idid.eq.-1 )info(l)-l
else
endif

C 11111111111ll1111111111111111
c 2222222222222 LINEAR SOLUTION 'vBOUNDARY CONDITION* 2222222

if(ibc.eq.2)then
tin-t
toutin-tout

call ddebdf(dampdfl,neq,tly,tout,info,rtol,atol,idid,
1 rwork, lrv,iwork,liv,rpar,ipar,djac)

c next line continues integration past 500 if nessecary
if(idid.eq.-l)info(l)-1

else
endif

c 22222222222222222222222222222222222222222222222222222222222
c 333333 PINNED TOP AND BOTTOM BOUNDARY CONDITION 3333333333

if(ibc.eq.3)then
tin-t
tout in-tout
call ddebdf(dampdfpt,neq,t,y,tout,info,rtol,atol,idid,

1 rvork, lrv,iwork,liw,rpar,ipar,djac)
c next line continues integration past 500 if nessecary

if(idid.eq.-1)info( 1)-i
else
endif

c 33333333333333333333333333333333333333333333333333333333333
c 444444 INFINITE MASS BOUNDARY CONDITION 44444444444444444
C

if(ibc.eq.4.and.ntestit-ne.1)then
xx (1)-ry (nth)
xx(2)iny(3*nth)
rpar (4)-ixx (1)
rpar (5) in(2)
ntestit-1
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alse
endif

C
if(ibc.eq.4)then
neq-4 *nth-.4
do 1543 m-1,4*nth-1,l
li-rn
if(m.ge.nth) li-rn-
if(m.ge.2*nth~ lj-m-2
if(m.ge.3*nth) lj-m-3
if(m.eq.nth)goto 1543
if(m.eq.2*nth)goto 1543
if(m.eq.3*nth)goto 1543
yt(lJ)-y(m)

1543 continue
tin-t
toutin-tout

9441 call ddebdf(dampdfirn,neq,t,yt,tout,info,rtol,atol, idid,
1rwork, lrw,ivork, liv, rpar, ipar,diac)

c next line continue. integration past 500 if nessecary
if(idid.eq.-1)then
info(1)inl
jcount-icount+1

if(jcount.eq.2)goto 999
goto 9441

else
icount-0.
xx (1)-rpar (4)
xx(2)-rpar(5)

do 1544 rm=1,4*nth-1,1
11-rn
if (m.ge.nth)li-nm-i
if(rn.ge.2*nth) li-m-2
if(m.ge.3*nth) lirn-3
if(m.eq.nth)goto 1544
if(m.eq.2*nth)goto 1544
if(m.eq.3*nth)goto 1544
y(n)u'yt(li)

1544 continue
deltat-tout-tin
y (nth )-xx (1)
y(2*nth)in(xx( 1)-xoldu)/deltat
y (3 *nth) -xx (2)
y( 4*nh)-)(x( 2 )-xoldw) /deltat
xolduxx( 1)
xoldw-xx (2)

end if
else
endif

c 4444444444444444444444444444444444444444444444444444444444
cSHAPES SHAPES SHAPES SHAPES SHAPES SHAPES SHAPES SHAPES

c SHAPES section saves values of u and w deflections
c and deformed shapes of membrane at "numb"
c intermediate time steps during the run
c also saves current time and pressures,
c u and w velocities and
c stress and strains at all nodes

tfinish-.t*( (rho*r**2. )/el)**0.5
if( (lcount.ge..kdef).or.j.eq.llkk)then
write(14,157)t,0.0,0.0,0.0,

+0.0,0.*0,0.*0,0.*0,0.*0,0.*0,0.*0,0.*0,0.*0
C
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call damputreus(x,y,hb,nu,ibc,epi,eth,
+spi, uth,ethmax,epimax,ethzuin,epiuuin,
+sthmax,spimax,athmin, spimin)

do 1119 i-1~nth,1
uxdefindsin(x(i))+y(i)*dcoa(x(i))-y(i+2*nth)*dsin(x(i))
mydef-dcoa(x(i) )-y(i)*dsin(x(i) )-y(i+2*nth)*dcos(x(i))
write(14,157)axdef,uydef,y(i),y(i+2*ntb),

+y(i+nth) .y(i+3*nth) ,rpar(i+nth) ,.pi(i) ,eth(i),
+spi(i),sth(i),rwork(21)+nth+i),rwork(20+3*nth+i)

if ( mydef .gt . defymax )sdefymax-sydef
if (sudef .gt. sdefxaax) udefxwax-sxdef
if (sydef.it. sdefymin) sdefymin-sydef
if ( xdef. it. udefxamin )sdefxuuin-sxdef
if(y(i) .lt.sumin)sumin-y(i)
if(y(i) .gt.uumax)swnax-y(i)
if(y(i+2*nth) .it.swmin)swlain-y(i+2*nth)
if(y(i+2*nth) .gt.swuax)swzaax-y(i+2*nth)
if(rpar(i+nth) . t.pmnin)pauin-rpar(i+nth)
if(rpar(i+nth) .gt.pmax)pmax-rpar(i+nth)

C
1119 continue

ilcountl1-l icount 1+1
lcount-1

else
icount-lcount+l

endif
c SHAPES SHAPES SHAPES SHAPES SHAPES SHAPES SHAPES SHAPES

if(lpcount.ge.25)then
Write(*,*)'LOOP# - j'CURRENT TIME- 1,t,' IDID-',idid
lpeount-0

else
lpcount-lpcount+1

endif
if(cont.eq. 0)then
write(*,15)
do 20 i-l,nth,1

vrite(*,25)i,xz~y(i) ,y(i+2*nth) ,y(i+nth),
1 y(i+3*nth) ,rpar(i+nth)

20 continue
write(*,*)
write(*,*)'TOUT-m',tout,' CURRENT TIHE'1,t
write(*,*) 'CONTINUE IN TIME? 0-yes I-stop other noprint'
read( *,* )cont

els.
endif
if(cont.eq.1)goto 999
if(t.ge.tfinal)goto 999

C

tout-tout+tstep
c PPPPWPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
c NEXT:PRESSURE CHANGE WITH TIMB

if( lpvstiae.eq. 1)then
if(lptopt.eq.l1)then

if(ppa.qt.1.0)then
ppa-1.0
lpvutime-0. 0

else
endif
test3-1.0
do 31 k-1,nth,1
parnd(k)-ppa'pf(k)
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rpar(k+nth)-parnd(k)
31 continue

ppa-ppa+pputep
else
endif

if(lptopt.eq.2)then
if(ppa.lt.O.0)then
ppa-O.O
lpvstime0. 0

else
endif
test3-1.0

do 131 k-1,nth,1
parnd(k)=ppa*pf(k)
rpar(k+nth)-parnd(k)

131 continue
ppa-ppa+ppstep

else
endif

c
if(lptopt.eq.3)then

if (tester. eq. 0. )then
if(ppa.ge. 1.O)then
ppal1.O
test3-0.O
do 341 k-1,nth,1
parnd(k)-ppa*pf(k)
rpar(k+nth)-parnd(k)

341 continue
tester-99.0

else
do 331 k=1,nth,1
parnd(k)-ppa*pf(k)
rpar(k+nth)inparnd(k)

331 continue
test3inl.O
ppa-ppa+ppotep

endif
else
end if

if(t.ge.pfthree)then
do 136 k-1,nth,1
parnd (k)=pf in
rpar (k+nth )-pf in

136 continue
test3intest3+1 .0

c lpvstime-0.0
else
endif

else
endif
else
endif

C PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
100 continue

c BIGLQOP ... BIGLOOP ... BIGLOOP ... BIGLOOP ... BIGLOOP...
15 format(lx,'node #',8x,'THETA',5x,'U(def)/r',

1 8x,' W(def)/r',8x,'ndvel(U)',8x,'ndvel(W)',
2 Sx,'ndpress')

25 format(lx,14,3x,f6.2,3x,el3.6,3x,el3.6,3x,el3.6,
+-3x,e13.6,3x,e13.6)
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c
c $$$$$$$$ STRESS AND STRAIN CALCULATIONS $$$$
999 write(*,36)
36 format(lx, 'NODE #',4x,'THHTA',4x,'BPSILON THETA',6x

1 ,'EPSILON PHI',6x,'SIGMA THETA',9X,'SIQIA PHI')
C
c NEXT write final values in matrix for plotting
c

call dampatress(x,y,hh,nu,ibc,epi,eth,
+spi, sth,ethznax,epimax,ethmin,epimin,
+sthznax, upimax,athmin,upimin)

write(15,*) 'cc(['
do 40 i-1,nth,l

xxlte(i*,3)ixl8t0i ,p.ithi),pii
write(*1,35)ixxl,eth(i) ,epi(i) ,uth(i) ,upi(i)

40 cotine153)xeti)eiitisi
35 conmtinue ,xf.24~1.,x~1.,xe3.,xe36
35 format(lx,e12.,3xf.,x,e12 .6,3x,e12.6,3x~e12.6,3x~e12.6)

37 friate(15,*)'];' l.,3~l.63~l263~e2
Crt(5*';

c NEXT:$$$$$write$$$$parameter$$$$$$matrix$$$
154 XT writt1xe1praetr5ati
153 format(lx,i92.)

15 frite(l5,*)'ai(
write( 15,*153)nth
write( 15, 153)ibc
write( 15, 154)rb
write( 15, 154)em
write(15,154)x()(80/i
write(15, 154)x(nt)*( 180./pi)
write( 15, 154)benta)(80/
write(15,153)opta
write(15,153)iou
write( 15, 154 )cv
write( 15,154)rho
write(15,154)rh
write( 15, 154)nu
write( 15, 153)lcunt
write( 15,154 )llcint
write( 15,154 )sumix
write( 15,154 )rnemi
write( 15,154 )uvaxn
write( 15, 154)sminx
write( 15, 154)pmax
write( 15,154 )etmin
write( 15,154 )ethmax
write( 15,154 )epimin
write( 15,154 )epinix
write( 15, 154)ethmin
write( 15, 154)sthmax
write( 15, 154)spimin
write(15,154)spimax
write(15, 154)sdefaxi
write( 15, 154)sdefxmax*.0
write( 15, 154)sdefymin*.0
write( 15, 154)adefymua*1.0
write(15,153)0.0ya*10
write(15,153)0.0
write( 15, 154)touuav
write( 15, 154 )toutsar

write( 15,154 )tfinish



writeC 15, 153) llkkeave
write( 15,153 )ipress
write( 15, 153)lptopt
write( 15, 153) 0.0
write(15,*)'];'

c stop
end

C **************************

C SUBROUTINE DAMPDF.f
C **************************

subroutine dampdf(t,y,yp,rpar, ipar)
parameter (nth-2O)
implicit double precision (a-h,o-z)
real*8 a,b,c,co,d,nu,parnd(nth)
real*S x(nth),hh(nth),pp,uu,wv
real*9 cu,,cv,uvel,wvel
dimension y(4*nth),yp(4*nth),rpar(500)
integer i,ipar(nth)

c yp(1--nth)=u-velocity
c yp(nth+1--2*nth)-u-acc.
c yp(2*nth+1--3*nth)-w-velocity

nuinrpar( 2)
cu-rpar( 6)
cw-rpar(7)

c first set parameters (same as dampall.f) and velocities
do 5 j=1,nth,1

x( j)=rpar( j+3*nth)
hh( j)=rpar( j+2*nth)
parnd( j)=rpar( j+nth)
yp (j )=y ( j+nth)
yp( J+2*nth)-y(J+3*nth)

5 continue
c ##t#PEAK NODE BOUNDARY CONDITIONS ------- ..

a-y(2)/hh(1)
b=0.0
c=0.0

c next forward difference for dnd'^2w/dtheta^2
c note:equal spacing here hh(1)-hh(2)

d-(2.*(y(2+2*nth)-y(1+2*nth)))/hh(1)**2.
c next velocity and acc. in u-dir (yp(1)=u-vel.,
c yp(1+nth)-u-acc. at theta-0.0)

yp(1)=0.0
yp( 1+nth)-0. 0
comO *

pp-parnd (1)
c def. in u-dir at node 1 - 0.0

uu-0 *0
wv-y( 1+2*nth)
wvel-y( 1+3*nth)

c next velocity and accelleration in v-dir
yp( 1+2*nth)s-y( 1+3*nth)

c next: equation from applying L'Hopitals Rule
c to "dampeb.f" equation

yp( 1+3*nth)-(a*d)-(ww*d)+(a**2. )-(a*ww)+(a*d)-(
1 ww*d)+a**2.-.(ww*a)+a+a..2.*ww+nu*(-(ww*d)
2 -(ww*a)+(a*d)+(2.*a**2.)+(a*d)-(ww*d)-.
3 (ww*a )+a+a-2. *ww)+pp-cv*wvel

c #####f### next pinned edge conditions at maxtheta ########I
c next velocity and acceleration at node # nth
c zero in u-dir and v-dir

yp(nth)-0.0
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yp(2*nth)mO.0
yp(3*nth)-0.0
yp(4*nth)mO.0

c $$$$$$$$$$$ NEXT CALCULATE YP FOR INTERIOR NODES$S$$
do 10 i-2,nth-11l
co-dcos(x(i) )/dsin(x(i))

c a,b,c,d are central difference formulas for
c du/dtheta,d**2u/dtheta**2, etc

1 y(i)*(1./hh(i)-.l./hh(i+1))+
2 y(i+l)*((hh(i)/hh(i+l))*(1./(hh(i)+hh(i+l))))

1 2.*y(i)/(hh(i)*hh(i+l))+
2 y(i+l)*2.*(hh(i+1)**-l.)*((hh(i)+hh(i+l))**-1.)

2 -y(i+1+2*nth)*((hh(il)/hh(i+))*(hh(i)+hh(i+1))**-l.)+

1 2.y(i+2*nth)/(hh(i)**-.hh(i+))+ -. )
2 y(i+1+2*nth)*2.((h~hh(i+l)**1)*((hh(i)+hh(i+l))**-l.)

pp-parnd(i)
uu-y (i)
ww-y( i+2*nth)
uvelmy (i+nth)
yp(i+nth)-dampea(a,b,c,d,co,w,uu,nu,cu,uvel)
wvel-y( i+3*nth)

yp(i+3*nth)indampeb(a,b,cld,co,w,uu,nu,pp,cv,wvel)
10 continue

return
end

C ************************~*

C SUBROUTINE DANPDFL.f
C **************************

subroutine daiupdfl(t,y,yp,rpar,ipar)
parameter (nth-20)
implicit double precision (a-h,o-z)
real*8 a,b,c,co,d,nu,parnd(nth)
real*8 x(nth),bh(nth),pp,uu,w
real*8 cu,cv,uvel,wvel
dimension y(4*nth),yp(4*nth),rpar(500)
integer i,j,ipar(nth)

c yp(1--nth)inu-velocity
c yp(nth+l--2*nth)-u-acc.
c yp(2*nth+1--3*nth)-wv~veocity
c yp(3*nth+1....4*nth)-w-.acc.

nu-rpar( 2)
cu-rpar( 6)
cv-rpar(7)

c first set parameters (same as dampall.f)
do 5 j-l,nth,1
x(j )-rpar( J+3*nth)
hh(j)-rpar(J+2*nth)
parnd( j)-rpar( j4nth)
yp( j)-y(j+nth)
yp( J+2*nth)-y( J+3*nth)

c h#continue FIRST NODES BOUNDARY CONDITION AW ........
ainy(2) /hh( 1)
b-0 .0
cin0.0

c next forward difference for (d) note******
c equal spacing here(symuetry)
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d-(2.*(y(2+2*nth)-y(1+2*nth) ))/hh(1)**2.
c next velocity and acc. in u-dir (yp(l)-u-vel.,
c yp(l+nth)-u-acc. at theta-O.0)

yp (1) -o *

yp( 1+nth)-0.O
coinO.O
ppu'parnd( 1)

c def in u-dir at node 1- 0.0
uu-O *
ww-y( 1+2*nth)
wvelu-y( 1+3*nth)

c next velocity and accelleration in v-dir
yp( 1+2*nth)-y( 1+3*nth)

c next equation from L'Hopitalu Rule applied to dampeb.f
yp(1+3*nth)-(a*d)-(wv*d)+(a**2. )-(a*w)
1 +(a*d)-(wv*d)+a**2.-(ww*a)+a+a-2.*w
2 +nu*(-(wv*d)-(wv*a)+(a*d)+(2.
3 *a**2.)+(a*d)-.(wv~*d)-.(w,*a)+a+a-.2.*
4 w)+pp-cw*wvel

c ###f#next edge conditions at maxtheta 0--00
c here-backwards difference equations with equal spacing

i-nth

1 y(nth-l)*((hh(nth)+hh(nth-1))/(hh(nth)*hh(nth-1)))+
2 y(nth)*(l./hh(nth-l)+hh(nth)/(hh(nth-l)*
3 (hh(nth-l)+hh(nth))))

1 2.*y(i-1)/(hh(i-1)*hh(i))+
2 y(i)*2.*(hh(i)**-1.)*((hh(i-1)+hh(i))**-l.)

1 y(3*nth-1)*((hh(nth)+hh(nth-1))/(hh(nth)*hh(nth-1)))+
2 y(3*nth)*(l./hh(nth-l)4hh~nth)/(hh(nth-1)*(hh(nth-1)
3 +hh(nth))))

1 2.*y(i-1+2*nth)/(hh(i-l)*hh(i))+
2 y(i+2*nth)*2.*(hh(i)**-1.)*((hh(i-1)+hh(i))**-1.)

ppinparnd (nth)
uu'my(nth)
ww-y( 3*nth)
uvel-y( 2*nth)
wvel-y( 4*nth)
coindcos(x(nth) )/dsin(x(nth))

yp( 2*nth)-dampea(a,b,c,,d,co,w,uu,nu,cu,uvel)
yp(4*nth)-dampeb(a,b,cld,co,w,uu,nu,pp,cw,wvel)
yp(nth)-y(2*nth)
yp(3*nth)u-y(4*nth)

c -----------~r::: ---------i
*c $$ NEXT CALCULATE YP FOR THE INTERIOR NODES $$$$$$$$

do 10 i-2,nth-l,1
co-dcos(x(i) )/duin(x(i))

* 1 y(i)*(1./hh(i)-1./hh(i+1))+
2 y(i+1)*((hh(i)/hh(i+1))*(1./(hh(i)+hh(i+1))))

1 2.*y(i)/(hh(i)*hh(i+l))+
2 y(i+l)*2.*(hh(i+1)**-1. )*( (hh(i)+hh(i+l) )**-1.)

1 y(i+2*nth)*(hh(i)**-1.-hh(i+1)**-1.)+
2 y(i+1+2*nth)*((hh(i)/hh(i+1))*(hh(i)+hh(i+1))**-l.)

1 2.*y(i+2*nth)/(hh(i)*hh(i+1))+
2 y(i+1+2*nth)*2.*(hh(i+1)**-1. )*( (hh(i)+hh(i+1) )**-1.)
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c next equation call function ea.f-eq. 9a
pp-parnd(i)
uu-y( i)
vw-y( i+2*nth)
uvel-y( i+nth)
yp(i+nth)-dazmpea(a,b,c,d,co,w,uu,nu~cu,uvel)

c next equation in 9b-eb
wvvliny( i+3*nth)
yp(i+3*nth)-dazApeb(a,b,c,d,,co,w,uu,nu,pp,cv,wvel)

10 continue
return
end

C SUBROUTINE DANPDFPT. f

subroutine dampdfpt(t,y,yp, rpar, ipar)
parameter (nth-20)
imlicit double precision (a-h,o-z)

rea1*8 albc,cco,d,nu,parnd(nth)
real*8 x(nth),hh(nth),pp,uu,w
real*8 cu,cv,uvel,wvel,rpar(500)
dimension y( nth+nth+nth+nth) ,yp (nth+nth+nth+nth)
integer i, ipar(nth)

c yp(1--nth)-u-velocity
c yp(nth+1--2*nth)-u-acc.
c yp(2*nth+1--3*nth)-w-velocity
c yp(3*nth+l--4*nth)-w-acc.

nu-rpar( 2)
cu-rpar(6)
cw-rpar( 7)
do 5 J-l,nth,l
x(j)-rpar(J+3*nth)
hh(j )-rpar(J+2*nth)
parnd(j)inrpar(j+nth)
yp(j)-y(j+nth)
yp(J+2*nth)umy( J+3*nth)

c 5 cotinue FIRST NODES BOUNDARY CONDITIONS --------:r
c the velocity and accelleration. at node # 1
c zero in u-dir and v-dir

yp(1)-0.0
yp(nth+1)-0.0
yp(2*nth+1)mO.0
yp(3*nth+1)0O.0

c #####H#~ next edge conditions at uaxtheta #tf########
c next velocity and acceleration at node #
c nth - zero in u-dir and v-dir

yp(nth)-0.O
yp(2*nth)mO.O
yp(3*nth)inO.0
yp(4*nth)inO.O

c $$$$$NEXT CALCULATE YP FOR INTERIOR NODES $$
do 10 i-2,nth-1,l
co-dcos(x(i) )Idsin(x(i))

c a,b~c,d are central difference formulas for
c du/dtbeta,d**2u/dtheta**2, etc

1 y(i)*(l./hh(i)-l./hh(i+l))+
2 y(i+1)*((hh(i)Ihh(i+1))*(1.I(hh(i)+hh(i+1))))

1 2.*y(i)/(hh(i)*hh(i+1))+
2 y(i+1)*2.*(hh(i+l)**-1.)*(0hh(i)+hh(i+1))**-1.)
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*c--y(i-1+2*flth)*((hh(i+1)/hh(i))*(hh(i)+hh(i+1))**-l.)+
1 y(i+2*nth)*(hh(i)**-1.-hh(i+l)**-l.)+
2 y(i+1+2*nth)*((hh(i)/hh(i+1))*(hh(i)+hh(i+1))**-1.)

1 2.*y(i+2*nth)/(hh(i)*hh(i+l))+
2 y(i+1+2*nth)*2.*(hh(i+1)**-1.)*((hh(i)+hh(i+1))**-1.)

c next equation call function dampea.f-,eq. 9a
pp-iparnd(i)
uu-y (I)
~rwwy(i+2*nth)

* uvel-y(i+nth)
yp(i+nth)-dampea(a,b,c,d,co,w,uu,nu,cu,uvel)

c next equation is 9b-eb
wvel-y( i+3*nth)

* yp(i+3*nth)-dampeb(a,b,c,d,co,ww,uulnu,PP,cw,wvel)
10 continue

return
end

C **************************

C SUBROUTINE DANPDFIN.f
C

subroutine dampdfim(t,y,yp,rpar,ipar)
parameter (nth-20)
parameter (lva-33)
implicit double precision (a-h,o-z)
real*S a,b,c,co,d,nu,parnd(nth)
real*8 x(nth),hh(nth),pp,uu,w
real*9 cu,cv,uvel,wvel,fvec(3),xx(3)
real*8 yl,y2,y3,y4,va(lva)
dimension y(4*nth-4) ,rpar(500)
dimension yp( 4*nth-.4)
integer i, ipar(nth)
couuon/propl/ x,yl,y2,y3,y4,y5,y6,y7,y8,xend
external dampfcn

c yp(nth--2*nth-2)inu-acc.

nu-rpar( 2)
cu-rpar(G)
cwinrpar(7)

c ******NOTE: SOLVING 4*(nth-1) EQUATIONS y'. are different
c see calling statement in dampall.f

do 5 J-1,nth,1
x(j )-rpar( J+3*nth)
hh( j)-rpar( J+2*nth)
parnd( j)-rpar( j+nth)

* if(j.eq.nth)goto 5
yp( j)-y( j+nth-1)
yp( J+2*nth-2)-y( J+3*nth-3)

5 continue
c --------- FIRST NODES BOUNDARY CONDITIONS
c #tH##first at thetain0 degrees "peak" #######I

a-y( 2) /hh( 1)
b-0.0
cin0.0

c next forwards difference for d-d**v/dtheta**2
c note****** for equal spacing here

d-(2.*(y(2*nth)-y(2*nth-1) ))/hh(1)**2.
c next velocity and acc. in u-dir (yp(1)-u-vel.,
c yp(1+nth)-u-acc. at theta-O.O)

yp(1)mO.0
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yp (nth) -o.*

pp-parnd (1)
c def in u-dir at nodel1-0.0

uuO * 0
ww-y(2*nth-1)
wvelmyC 3*nth...2)

c next velocity and accelleration in v-dir
yp( 2*nth- )-y( 3*nth-.2)

c next equation wasn generated by applying L'Hopitals
c Rule to eq. dampeb.f

yp(3*nth.2)-(a*d)-.(ww*d)+(a**2. )-(a*w)+(a*d).-(
1 wv*d)+a**2.-(vw*a)+a+a-2.*w4~nu*(-(ww*d)
2 -(wv*a)+(a*d)+(2.*a**2.)+(a*d)-(vv*d)-
3 (wv*a) +a+a-2. *w) +pp-.cw*wvel

c $$$$S$$$$$$$ NEXT CALCULATE YP FOR INTERIOR NODES
do 10 iin2,nth-2,1
co-dcos(x(i) )/dsin(x(i))

1 hh(i+1))))+y(i)*(l./hh(i)-l./hh(i+1))+y(i+l)*
2 ((hh(i)/hh(i+1))*(l./(hh(i)+hh(i+l))))

1 2.*y(i)/(hh(i)*hh(i+1))+y(i+l)*2.*(hh(i+1)**-1.)
2 *((hh(i)+hh(i+1))**-l.)

1 y(i+2*nth-2)*(hh(i)**-1.-hh(i+l)**-l.)+
2 y(i+2*nth-l)*((hh(i)/hh(i+l))*(hh(i)+hh(i+1))**-l.)

1 2.*y(i+2*nth-2)/(hh(i)*hh(i+1))+
2 y(i+2*nth-l)*2.*(hh(i+l)**-l.)*((hh(i)+hh(i+1))**-1.)

pp'mparnd (i)
uu-y (1)
vw-y( L+2*nth-2)
uvel-y( i+nth-1)
wvel-y( i+3*nth-3)
yp(i+nth-1 )-daupa(a,b,c,d,co,w,uu,nu,cu,uvel)
yp(i+3*nth-3)-dazupeb(a,b,c,d,co,w,uu,nu~pp,cv,weal)

10 continue
c #U#next edge conditions at maitheta, #ii----------
c next solve for u and v based on circle and slope b.c.'s
c note 'end* is an imaginary node

yl-y(nth-1)
y2-y( nth-2)
yS-y(nth-3)
y6-y(nth-4)
y3.y( 3*nth..3)
y4-y( 3*nth-.4)
y7-y( 3*nth-5)
ySmy(3*nth-6)
iiopt-2

ni-3
if(xx(3) .eq.0.0)then
xx (1)-rpar( 4)
xx (2) -rpar (5)
xx(3)-dsin(x(nth) )*(1.-xx(2) )+xx(1)*dcos(x(nth))

else
end if
tol2-1.09-08
iinfomO .0
nprint--1 .0
xendinx(nth)

c next solve a set of 3 nonlinear algebraic equations
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c to "locate* node nth position
call dnsqe(dampfcn, jac,iiopt,n,xx, fvec,tol2,nprint,

+iinfo,wa,lwa)
c xx(l1)-u-deflection,xx( 2)-v-deflection

rpar(4 )-xx(l)
rpar(5)-rxx(2)
uendinrpar(4)
wend-rpar(5)
xend-x(nth)
hhendinhh(nth)
i-nth-1
co-dcos(x(i) )/dsin(x(i))

c a,b,c,d are central difference formulas for
c du/dthata,d**2u/dtheta**2, etc

1 y(i)*(1./hh(i)...../hhend)+
2 uend*((hh(i)/hhend)*(l./(hh(i)+hhend)))

1 2.*y(i)/(hh(i)*hhend)+
2 uend*2.*(hhend**-l.)*((hh(i)+bhhend)**-1.)

1 y(i+2*nth-2)*(hh(i)**-l.-hhend**-1.)+
2 wend*((hh(i)/hhend)*(hh(i)+hhend)**-1.)
d=y(i+2*nth-3)*2.*(hh(i)**-1. )*(hh(i)+hhend)**-1.-
1 2.*y(i+2*nth-2)/(hh(i)*hhend)+
2 wend*2.*(hhend**-1.)*((hh(i)+hhend)**-1.)
pp-parnd (i)
uu-y( i)
ww-y( i+2*nth-2)
uvelu'y( i+nth-1)
wvel-y( i+3*nth-3)
yp(i+nth-1 )-dampea(a,b,cidecoeww,uu~nu,,cu,uvel)
yp(i+3*nth-3)-dampeb(a,,b,cedlcooww,uu~nu~pp,cw,vvel)
return
end

C
C SUBROUTINE DANPFCN.f
C
C SUBROUTINE DANpFCN.r is CALLED FROx DAmPDrIN.F
C "INFINITE MASS B.C.* USED to DETERMINE VALUES
C AT NODE POINT "NTHw

subroutine dainpfcn (n, xx,fvec, if lag)
parameter (nth-20)
implicit double preciuion(a-h,o-z)
double precision xx(3),fvec(3)
real*8 x(nth),ynthml,ynthm2
real*8 ynthm3,ynthm4,co,ui
real*8 radius,yl,y2,y3,y4,yS,y6,y7,y8,xend
real*B xl,x2,x3,x4
integer n~iflag
common/propl/ x,yl,y2,y3,y4,y5,y6,y7,y8,xend

c notetxend-x(nth)
c xnthinsi*(1.-xx(2))+xx(1)*co
c ynth-co*(1.-xx(2))-xx(1)*si
c CIRCLE BOUNDARY CONDITION

si-dam (xend)co-dcos (xend)
radius-si/co
fvec(1)in(hi*(1.-xx(2) )+xx(1)*co)**2.+

+((1.-xx(2))*co-xx(1)*si-1./co)**2.-(radius)**2.
c SLOPE BOUNDARY CONDITION
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z2-dsin(x(nth-2) )*(1.-y4)+y2*dcos(x(nth-2))
ynthu2udcos(x(nth-2) )*(l.-y4)-y2*dsin(z(nth.-2))
x3-dsin'(x(nth-3))*(1.-y7)+y5*dcos(x(nth-3))
ynthm3mdcos(x(nth-3))*(1.-y7)-yS*duin(x(nth-3))
x4-dsin(x(nth-4) )*(l.-y8)+y6*dcos(x(nth-4))
ynthm4-dcos(x(nth-4) )*( 1.-yS)-y6*dsin(x(nth-4))

c note:fvec(2) used to reduce size of fvec(3) equation
fvec(2)-xx(3)-(si*(l.-xx(2) )+xx(1)*co)
fvec(3)u.-(-l./dcos(xend)+co*(l.-xx(2) )-xx(l)*si

2x3)*(xx(3)-x4)+(xx(3)-
3xl)*(xx(3)-x3)*(xx(3)-x4)+(xx(3)-xl)*(xx(3)-
4x2)*(xx(3)-ix4)+(xx(3)-x1)*(xx(3)-x2)*(xx(3)-x3))
6+ynthml(3 xl(xx(3)-x2)*(xx(3)-x3)*(xx(3)-x4))

8+ynthm2*( (xx(3)-x2)*(xx(3)-x3)*(xx(3).-x4))
9/( (xl-xx(3) )*(xl-2..)*(x2..x3)*(x2..x4))

1+yrathm3*( (xx(3)-xl)*(xx(3)-x2)*(xx(3)-x4))
21( (x3-xx(3) )*(x3-x1)*(x3-x2)*(x3-x4))
3+ynthm4*( (xx(3)-.x1)*(xx(3)-x2)*(xx(3)-x3))
4/((x4-xx(3))*(x4-xl)*(x4-x2)*(x4-x3))
return
end

C **************************

C SUBROUTINE DAMPSTRESS.f
C **************************

subroutine dampstress (x,y,hh,nu, ibc,epi, eth,
+spi, ath, ethmax, epimax, ethzuin, epimin,
+sthmax, spimax, sthmin, spixuin)

parameter (nth-20)
implicit double precision (a-h,o-z)
real*8 a,c
real*8 epi(nth),eth(nth),spi(nth),sth(nth)
real*8 hh(nth),nu,x(nth)
real*8 sthmax, spimax, athmin, spimin
real* 8 ethmax, epimax, ethmin, epimin
dimension y (nth+nth+nth+nth)
integer i,ibc

c first for node # 1
if(ibc.eq.3)then
if(x(1) .eq.O. )then
a -y(l)*((2*hh(2)+hh(3))/(hh(2)*(hh(2)+hh(3))))+

1 YT(2)*((hh(2)+hh(3))/(hh(2)*hh(3)))-y(3)
2 *((hh(2))/(hh(3)*(hh(2)+hh(3))))

cm-y(1+2*nth)*((2.*hh(2)4hh(3) )/(hh(2)*(hh(2)+hh(3) )) )+
1 y(2+2*nth)*((hh(2)+hh(3))I(hh(2)*hh(3)))-
2 y(3+2*nth)*(hh(2)/(hh(3)*(hh(2)+hh(3))))

epi(l1)-(a-y( 1+2*nth))
sth(1)in(eth(1)+nu*epi(1))

else
ain-y(l)*( (2*hh(2)+hh(3) )/(hh(2)*(hh(2)+hh(3) )) )+

1 y(2)*((hh(2)+hh(3))/(hh(2)*hh(3)))-y(3)
2 *((hh(2))/(hh(3)*(hh(2)+hh(3))))

cin-y(1+2*nth)*( (2.*hh(2)+hh(3) )I(hh(2)*(hh(2)+hh(3) ) ))+
1 y(2+2*nth)*((hh(2)+hh(3))/(hh(2)*hh(3)))-
2 y(3+2*nth)*(hh(2)/(hh(3)*(hh(2)+hh(3))))
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sth(1)m(eth(1)+nu*epi(1))
spi( 1)-(epi( 1)+nu'eth( 1))

endif
else
co-0.0
au-y(2)/hh(l)

eth( 1)-a-y(1+2*nth)+(0.5)*y(l)**2.
epi(l1)-a-y( 1+2*nth)
sth(1)ineth(1)+nu*epi(1)
spi(l)-epi(1)+nu*eth(1)

endifdo 30 i-2,nth-1,1

1 y(i)*(1./hh(i)-1./hh(i+l))+y(i+1)*((hh(i)/
2 hh(i+1))*(1./(hh(i)+hh(J.+l))))

1 y(i+2*nth)*(hh(i)**-1.-hh(i+1)**-l.)+
2 y(i+1+2*nth)*((hh(i)/hh(i+l))*(hh(i)+hh(i+1))**.-1.)

eth(i)-a-y(i+2*nth)+(0.5)*(c+y(i) )**2.

: th(i)-eth(i)+nu*epi(i)api(i)-epi(i)+nu*eth(i)
30 continue

c next for node # nth

1 y(nth-1)*((hh(nth)+hh(nth-1))/(hh(nth)*hh(nth-1)))+y(nth)
2 *((2*hh(nth)+hh(nth-.1))/(hh(nth)*(hhI(nth...)+hh(nth))))

1 y(3*nth-1)*((hh(nth)/+hh(nth-1))/(hh(nth)*hh(nth-1)))+-
2 y(3*nthl)*( (*hh(nth)+hh(nth-1) )/(hh(nth)*(hh(nth-1)))

3 +hh(nth))))
eth(nth)-a-y(3*nth)+(0.5)*(c+y(nth) )**2.
epi(nth)-y(nth)*(dcos(x(nth) )/dsin(x(nth)) )-y(3*nth)
sth(nth)-eth(nth)+nu*epi(nth)
spi(nth)mepi(nth)+nu*eth(nth)
do 40 i-l,nth,1
if(mth(i) .gt.sthmax)sthmax-sth(i)
if(spi(i) .gt.spimax)apimax-spi(i)
if(sth(i) .lt.sthmin)sthmin-sth(i)
if(spi(i) .lt.spimin)spimin-spi(i)
if(eth(i) .gt.ethmax)ethzuax-eth(i)
if(epi(i) .gt.epimax)epimax-epi(i)
if(eth(i) .lt.ethmin)ethmin-eth(i)
if(epi(i) .lt.epimin)epimin-epi(i)

40 continue
return
end

C **************************

C FUNCTION DAMPEA.f
C **************************

*C FUNCTION DANPEA.F IS THE EQUATION FOR U-ACCELERATION
function dampea(a,b,c,,dco,,w,uu,,nu,,cu,uvel)
implicit double precision (a-h~o-z)
real*S a,b,c,d,co,w,uu,,nu,,cu,uvel
dampea-b-c+c*d+(uu) *d+(w) *c+(w*uu)...

1 (1/2.)*c**3.-(3.*uu/2.)*c**2.-
2 ((3.*uu**2.)/2.)*c-.uu**3.
3 /2.+a*co-uu*co**2.+(co/2.)*c**2.+((uu*
4 co))*c+((uu**2.)*co)/2.+nu*(-uu-c-(2.*uu*co*c)
5 +(w*c)+(uu*w)-(co*c**2.)I2.-(3.*(uu**2.)*co)
6 /2.)-cu*uvel
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return
end

C ************.*********.***

C FUNCTION DANPEB. f
C **************************

C FUNCTION DANPES.F IS THZ EQUATION FOR V-ACCELERATION
function dampeb(a,b,c,dfco,w,uu,nu,pp,cv,wvel)
implicit double precision (a-h,o-z)
real*B a,b,c,d,co,w,uu,nulpp,cvwel
dampeb-(co*a*c)-(co*w~c)+(co*c**3.)I2.+(3.*co*uu
1 *c**2.)/2.+(3.*co*c*uu**2.)/2.+(uu*co*a)
2 -(co*uu*w)+(co*uu**3.)/2.+(b*c)-c**2./
3 (2.)+(3.*d*c**2.)I2.+(2.*4uu*d*c)+(3.*a*c**
4 2.)/2.+(2.*uu*a*c).(uu*b)-(uu*c)+(3.
5 *d*uu**2.)/2.+(3.*a*uu**2.)/2.+(aed)-.(
6 w*d) +&**2. -(wv*a)+a+uu*co-2. *w+ (uu*c) +uu
7 **2./2.+nu*((-.uu*c)-.(lmJv*co*c)-.(uu**2.)
8 /2.-(ww*uu*co)+(co*a*c)-(c**2.)/2.+(2.*uu
9 *co*a)+(uu*co*d)-.(w*d)-.(wv*a)+a+uu*co-.2.*

ww)+pp-.cw*wvel
return
end
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Avvendix J. Static MATLAB Prociram

%THIS IS THE MATLAB PROGRAM fSTATIC.mm EXECUTE AFTER
LOADING THE FILE ndstatic.m IN MATLAB.

c ig
axis( [0,100,0,100])
hold on
gl-sprintf('TOTAL # OF NODES- %g',hh(1,1));
text( 10, l00,gl)
g2-sprintf('RADIUS OF SPHERE- %g',hh(3,1));
text(10,95,g2)
text(40,95, 'INCHES')
g3=sprintf('THICKNESS OF SPHERE- %g',hh(12,l));
text( l0,90,g3)
text(45,90, 'INCHES')
g4=sprintf('YOUNGS MODULUS FOR THE MEMBRANE IS- %g',hh(4,1));
text (10, 85 ,g4 )
text(60,85, 'PSI')
g5=sprintf('THETA MIN.= %g',hh(5,1));
text( 10,80,g5)
text(30,80, 'DEGREES')
g6=sprintf('THETA MAX.- %g',hh(6,1));
text( 10,75,g6)
text(30,75, 'DEGREES')
g7-sprintf( 'POISSONS RATIO- %g' ,hh(13,1));
text( 10,70,g7)
gS-sprintf('ROON HERE- %g',hh(11,1));
g9=sprintf('IBC TYPE OFP BOUNDARY CONDITIONS- %g',hh(2,1));
text( 10, 65, g9)
glO-sprintf( 'IOPT TYPE OF CLUSTERING- %g',hh(8,1));
text( 10,60,glO)
gll-sprintf('BETA IS THE CLUSTERING PARAMETER- %g',hh(7,1));
text (10, 55 ,gil)
gll=sprintf('THE TOTAL # OF STEPS SAVED IS %g',hh(14,l));
text( 10,50,g17)
g18=sprintf ('IPRESS TYPE OF PRESSURE DISTRIBUTION- %g' ,hh( 39,1));
text( 10,45,glB)
pause
cig
hold off

% NEXT DEFORMED SHAPES AT EACH PRESSURE DISTRIBUTION

text(0.1,0.5,'STATIC ANIMATION?? YES: ENT ER 1 ,NO:RETURN','sc')
ee=input(' ');
c ig
if ee==1,
nth=[hh(1,1)1;
nn=[nth];
if hh(2,1)-6,hh(2,1)-3;,end
if hh(2,1)--7,hh(2,1)-3;,end
if hh(2,1)--3,

axis([-hh(30,1) hh(30,1) kk(1,1) hh(32,l)1)
else
axis([-hh(30,1) hh(30,1) hh(31,1) hh(32,1)])
end
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plot(ff(Ignth,l),ff(1:nth,2),'o',ff(1:nth,l),ff(Iznth,2))
hold on
title ('DEFORNED AND UNDEFORNED SPHERE')
xlabel( 'X-AXIS')
ylabel( 'YAXIS')

if hh(2,1)-3,
dd (2,1)in[0.01;
dd (3,1) [ff (nn, 1)];

dd(1,2)-(ff(nn,2)];
dd(l,l)-(-ff(nn,l) 1;
dd(3,2)-[ff(nn,2)];
plot(dd(s,1),dd(s,2),'z')
end

plot(-ff(ltnth,1),ff(l:nth,2),'o',-ff(l:nth,l),ff(1:nth,2))
nn-[nn+nth);
pause
for i-2thh(14,1)
plot(ff(nn.-nth+1 :nn,1) ,ff(nn-nth+1:nn,2))
plot(-ff(nn-nth+l:nn,1) ,ff(nn-nth+ltnn,2))
plot(-ff(l:nth,l),ff(l:nth,2), 'of,-ff(1:nth,l),ff(l:nth,2))
plot(ff(l:nth,l),ff(lznth,2),'o',ff(lsnth,1),ff(l:nth,2))
if hh(2,1)--3,
dd (2, 1 ) 0.01;
dd(3, 1)in[ff (nn,l)];

dd(1,2)in[ff./n((h(,,2)0];.119/8.)]
dd(1,2)-(-ff(nn,1) 1;
dd(3,2)in[ff(nn,2) 1;
if i=-2,11-dd;,end

plot(dd(:,1),dd(:,2),'s')
else

end
pause
plot(ff(nn-nth+lznn,1) ,ff(nn-nth+1:ran,2), 'i')
plot(-ff(nn-nth+l:nn,1) ,ff (nn-nth+l:nn,2), 'i')
if hh(2,1)--3,
end
nn-(nn+nth];
end
pause
hold off
c lg

NEXT U VERSUS THETA CURVES AT EACH PRESSURE DISTRIBUTION

axis([ hh(5,1) hh(6,1) hh(15,1) hh(16,1) J
nn-[nth);
gglmgg*(180./3.34 159);
plot(gql(: ,1),ff(nn-nth+1:nn,3))
hold on
title('U/R DEFORMATION VS. THETA')
xlabel('THETA IN DEGREES')
ylabel( 'U/R DEFORMATION')
nn-Inn+nth);
for J-2:hh(14,1)
plot(ggl( :,1),ff(1:nth,3))
plot(ggl( :,1),ff(nn-nth+1:fln,3))
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pause
plot(ggl(:,l),ff(nn-nth+1:nn,3), Ii')
nn-[nn+nth];
end
pause
hold off
c ig

NEXT W VERSUS THETA CURVES AT EACH PRESSURE DISTRIBUTION

axis([ hh(5,1) hh(6,1) hh(17,1) hh(18,1)])
nn-Inth];
plot(ggl( : ,),ff(nn-nth+l:nn,4))
hold on
title('W/R DEFORMATION VS. THETA')
xlabel('THETA IN DEGREES')
ylabel ('W/R DEFORMATION')
nn=[nn+nth];
for i-2:hh(14,1)
plot(ggl( :,1),ff(1:nth,4))
plot(ggl( :,1),ff(nn-nth+l:nn,4))

pause
plot(ggl(s,l),ff(nn-nth+l:nn,4), 'i')
nn-[nn+nth];
end
pause
hold off
c ig
end
ee [0];

ee (1];
while ee>0.l
c ig
tex~t(O.1,O.5,'DISP. VS PRESSURE PLOT? YES:NODE # NO RETURN','sc')
ee-input(' ');
if ee>0.0,
nfl-[ nth];
for J-1:2
if J==2,subplot(221) ,end
ns=(O];
for i=1:hh(14,1)
fv(i)-abs(ff(ee+nu,3));
et(i)-abs(ff(ee+ns,5));
nsm[ns+nth];
end
fv-fv';
axis([ min(fv) max(fv) min(et) uax(et) J
plot(fv,et, 'o',fv,et)
xlabel('U/R DISP.')
ylabel( 'PRESSURE.')
g31-sprintf('PRESSURE VS. U/R DISP. FOR NODE NUMBER %g',ee);
if j--1,text(O.3,O.97,g31,'sc'),end
if J--2,text(O.O1,0.97,g3l,'uc'),end
if J--1,pause,end
if J--2,subplot(222) ,end
no-[0];
for i-1:hh(14,1)
fv(i)-abs(ff(ee+ns,4));
et(i)-abs(ff(e.+ns,5));
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nuilnsn+nth];
end
fv-fv';
axis([ rain(fv) max(fv) uin(et) uiax(et) 3
plot(fv,et, o' ,fv,et)
xlabel('W/R DISP.')
ylabel(-PRESSURN')
g32-sprintf('W/R DISP. VS PRESSURE FOR MODE NUMBER %g',ee);
if J--l,text(O.3,O.97,g32,'so'),end
if J--2,text(O.51,O.97,g32,'mc'),end
if J--1,pauae,end
if J--2,subplot(223) ,end
ns-[O];
for i-l:hh(14,1)
fv(i)-( (ff(ee+ns,3)ý2.+ff(ee+nu,4)"2. )'O.5);
et(i)-abs(ff(ee+nm,S) );
ns-[ns+nth];
end
fv=fv';
axis([ min(fv) xaax(fv) min(et) max(et) 3
plot(fv,et, 'a',fv,et)
xlabel('RBS. DIS.')
ylabel( 'PRESSURE')
g35-sprintf('PRESSURE VS RESULTANT DISP. FOR NODE NUMBER %g',ee);
if J==1,text(O.3,O.97,g35,'ac'),end
if J==2,text(O.O1,O.97,g35,'uc'),end
if J=1l,pause,end
end
pause
elmse
eae[-1.O3;
end
end
se[ 1];

fvin (0];
exin [0];
cig
hold off

NEXT STRESS PLOTS FOR EACH PRESSURE DI STRIBUTION

text(O.1,O.5,'VIEW STRESS PLOTS??? YES:ZNTE 1 ,NO: RETURN ','uc')
ee-input(' ');
cig
if es-il,

pp (1, 1) -(6];
nth-[(hh( 1, 1) ;
nn-fnth);
axis((hh(5,1) hh(6,1) hh(23,1) hh(24,1)])

hold on
title('EPSILON PHI VS THETA')
xlabel( 'THETA DEG.')
ylabel( 'EPI')
nnm(nn+nth];
for iin2,hh(14,1)
plot(ggl( :,l),ff(nn-nth+1:flf,pp(1,1)))

pause
plot(ggl( : ,1),ff (nn-nth+1:nn,pp(l,1)), 'i')
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nn=(nn+nth];
end
pause
hold off
c ig

pp( 1,l1) -[C7];
nth-(hh (1, 1)];
nn=[nth];

hold on
title('IPSILON THE VS THETA')
xlabel( 'THETA DEG.')
ylabel('ETH')
nn-[nn+nth];
for i-2:hh(14,1)
plot(ggl(2,1) ,ff(nn-nth+1:nn,pp(1,1)))

pause
plot(ggl(:,l),ff(nn-nth+l:nn,pp(1,l)),'i')
nn=[nn+nth];
end
pause
hold off
c ig

pp( 1, 1) = B];
nth-[hh(1, 1)];
nnin[nth];
axis([hh(5,1) hh(6,1) hh(27,1) hh(28,1)])
plot(ggl(:,l),ff(l:nth,pp(l,l)),'o',ggl(:,1),ff(lsnth,pp(l,1)))
hold on
title('SIGNA-PHI VS THETA')
xlabel( 'THETA DEG.')
ylabel( 'SPI')
nn-[nn+nth];
for iin2:hh(14,1)
plot(ggl( s,1),ff(nn-nth+1:nn,pp(1,1)))

pause
plot(ggl(:,l),ff(nn-nth+1:nn,pp(1,1)),'i')
nn=(nn+nth];
end
pause
hold off
cig

pp( 1, )1 )=[9];
nth~lhh(1,1)1;
nn-Inth);
axis((hh(5,1) hh(6,1) hh(25,1) hh(26,1)])
plot(ggl(:,1),ff(1:nth,pp(1,1)),'o',ggl(:,1),ff(1:nth,pp(1,1)))
hold on
title('SIGHA-THETA VS THETA')
xlabel( 'THETA DIG.')
ylabel( '5TH')
nn-[nn+nth];
for i-2:hh(14,1)
plot(ggl(z,1),ff(nn-nth+1:nn,pp(1,1)))

pause
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plot(ggl(1,1) ,ff(nn-nth+1:nn,pp(1,l) ),'I'l)
nn-[nn+nthj;
end
pause
hold off
cig
end
gglmgg*(180./3.14159);
hold off
clg

NEXT FINAL STRESS AND STRAIN CURVES

for 1-1:2
if i=-2,subplot(221) ,end
al(l)-hh(23,1);
al(2)-hh(24, 1);
axia(fhh(S,1) hh(6,1) al(l) al(2)])
tt-[nth*hh(14,1) J;
plot(ggl(:,l),ff(tt-nth+l:tt,6),'o',ggl(:,1),ff(tt-nth+lttt,6))
title('IPI VS THETA')
xlabel( 'THETA DEG.')
ylabel( 'EPI.')
if i--l,pause,clg,end

if .i--2,subplot(222) ,end
al(1)-hh(21,l);
al(2)-hh(22,1);
axis([hh(5,1) hh(6,1) al(l) al(2)])
plot(ggl(:,1),ff(tt-nth+l:tt,7),'o',ggl(:,1),ff(tt-nth+l:tt,7))
title('ETH VS THETA')
xlabel('THETA IN DEG.')
ylabel( 'ETH.')
if i=-1,pause,clg,end

if i--2,aubplot(223) ,end
al(1) -hh( 27, 1);
al(2)-hh(28,1);
axim([hh(5,1) hh(6,1) al(l) al(2)])
plot(ggl(:,l),ff(tt-nth+l:tt,8),'o',ggl(:,l),ff(tt-nth+l:tt,8))
title('SPI VS THETA')
xlabel('THETA IN DEC~.')
ylabel( 'SPI.')
if i--I ,pause,clg,.nd

if i--2,subplot(224) ,end
al(1)-hh(25,1);
al(2)-hh(26,1);
axis((hh(5,1) hh(6,I) al(l) al(2)1)
plot(ggl(:,1),ff(tt-nth+l:tt,9),'o',ggl(:,1),ff(tt-nth+l:tt,9))
hold on
title('STH VS THETA')
xlabel('THETA IN DEG.')
ylabol( '8TH.')
hold off
pause
end
cig

% NEXT PRESSURE CURVES VERSUS TEMTA

axis([ hh(5,1) hh(6,I) hh(19,I) hh(20,1) 1
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nn-Innth];
plot(ggl( :,1),ft(nfl-fth+lflfl,5))
hold on
title('PRESSURS VS. THETA')
xlabel('THETA IN DEGREES')
ylabel( 'PRESSURE')
nn.'Cnn+nth);
for J2.2:hh(14,1)
plot(ggl( :,1),ff(nn-flth+lmflf,5)) 1)(h2,-h19))o)

* pause
plot(ggl(:,l),ff(flf-flth+lfll,5), '1')
nn-[nn+nthl;
end

* pause
hold off
c ig
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Ampend ix K * Dynakmic I4ATWAB Program

THIS IS THE MATLAB PROGRAM aDYNAMIC.Ma EXECUTlE AFTER
LOADING THE FILE AAMatrix.m AND bb.mat IN MATLAB.

c ig
axis( (0,100,0,1001)
hold on
gl-sprintf('TOTAL # OF NODES- %g',aa(1,l));
text( 10, 100,gl)
g2-sprintf('RADIUS OF SPHERE- %g',aa(3,1));
text( 10,95,g2)
text(40, 95, 'INCHES')
g3-sprintf( 'THICKNESS OF SPHERE- tg',aa(12,1));
text( 10,90,g3)
text(45,90, 'INCHES')
g4-sprintf('YOUNGS MODULUS FOR THE MEMBRANE IS- tg',aa(4,1));
text (10, 85 ,g4 )
text(60,85, 'PSI')
g5-sprintf('THETA MINIMUM- tg',aa(5,1));
text (10, 80, g5 )
text(30,80, 'DEGREES')
g6-sprintf('THETA MAXIMUM- Sg',aa(6,1));
text( 10, 75, g6)
text(30,75, 'DEGREES')
g7-sprintf( 'POISSONS RATIO- tg' ,aa(13,1));
text( 10, 70,g7)
g8-sprintf('DENSITY- %g',aa(11,1));
text( 10, 65,g8)
text(30,65, 'LBS*SEC**2/INCHES**4')
g9-sprintf('IBC TYPE OF BOUNDARY CONDITIONS- tg',aa(2,1));
text( 10,60,g9)
g1O-sprintf('IOPT TYPE OF CLUSTERING- %g',aa(8,1));
text (10, 55, glO)
g11-sprintf( 'BETA CLUSTERING PARAMETER- Sg',aa(7,1));
text( 10,50,gll)
gl2-sprintf( 'DAMPING RATIO FOR U-EQUATIONS- %g' ,aa( 9,1));
text (10, 45 , g2)
g13-sprintf( 'DAMPING RATIO FOR V-EQUATIONS- tg' ,aa(10,1));
text( 10,40,g13)
g17-uprintf('THE TOTAL # OF TIME STEPS SAVED IS tg',aa(14,1));
text( 10,35,gl7)
gl8-uprintf('IPRESS TYPE OF PRESSURE DISTRIBIUTION- 4g',aa(39,1));
text( 10,30,glS)
g19-uprintf('LPTOPT TYPE OF PRZS.VS.TINE PARAMETER- tg',aa(40,1));
text( 10,25,gl9)
g20-sprintf('THE STARTING TIME FOR THE RUN IS tg',aa(36,1));
text( 10,20,g20)
text(60,20, 'SEC')
g21'.sprintf('THE FINAL TIME FOR THIS RUN- 4g',aa(37,1));
text( 10, 15,g21)
text(60,15, 'SEC')
pause
c ig
hold off
text(0.1,0.5,'ANIMATION???? TEStEUTER 1 NO: RZTUin','uc')
ee-input(' ');
c ig
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if eel-,

INEXT DEFORMED SPHERICAL SHAPE IN ANIMATION SEQUENCE

text(O.1O0.5, 'VIEW DEFORMING SPHERE?? NOzENTER 1 YTEStRETURN`1,1sc')
zt-input(' ');
cig
nth-faa(1,l)];
nn-Inth+1J;
no-I nn);

* if aa(2,1)-4,

axis([-aa(30,1) aa(30,1) gg(1,l) aa(32,1)])
else

* axis((-aa(30,1) aa(30,1) aa(31,1) aa(32,1)1)
end
plot(bb(2:nth+1,1),bb(2tnth+1,2),'o',bb(2:nth+1,1),bb(2:nth+1,2))
hold on
title( 'DEFORMED AND UNDEFORNED SPHERE')
xlabel( 'X-AXIS')
ylabel( 'YýAXIS')
plot(-bb(2:nth+1,1),bb(2:nth+1,2), '0',-bb(2:nth+1,1),bb(2:nth+1,2))
nn-[nn+no];
mm-nn];

for i-2:aa(14,1)-1
if zt--1 ,break,end
plot(bb(nn-nth+1:nn,1) ,bb(nn-nth+1:nn,2))
plot(-bb(nn-nth+1:nn,l),bb(nn-nth+l:nn,2))

plot(bb(mm-nth+1:nu, 1) ,bb(zu-nth+luum,2), '0',.
bb(nu-nth+ :m, 1) ,bb(mu-nth+1 :iu, 2))
plot(-bb(.m-nth+1:mm,l) ,bb(ui-nth+lsmu,2), '0'....
-.bb(mm-nth+ :m, 1) ,bb(am-nth+1 :mu,2))

if 1--2,
g30-sprintf('THS TIME STEP - %g',bb(nn-nth,l));
text(O.65,O.03,g30, 'mc')
end

plot(-bb(2:nth+a(1,1),b(i:nth+14,2), 'o',-bb(2:t+,1),bb(2:nt1,2o))
plot(-bb(2:nth+1,1),bb(2:nth4-1,2),'o',-bb(2:nth+1,1),bb(2:nth+1,2))

if aa(2,1)ini4,
dd (2, 1 )-(0.0];
dd (3, 1)- bb (nn, 1)];

dd (1,2) - fbb (nn, 2)];
dd(1,1)-I-bb(nn,1fl;
dd(3,2)-[bb(nn,2)J;
if i--2,ff-dd;,end
plot(dd( :,1) ,dd( :,2), ':')
plot(ff( :,1) ,ff( 2,2),':')
end
pause
plot(bb(nn-nth+1:nn,1) ,bb(nn-nth+1:nn,2), 'i')
plot(-bb(nn-nth+1:nn,1) ,bb(nn-nth+1:nn,2), 'i')
if aa(2,1)-4,
plot(dd(:,1),dd(:,2), 'i')
end
nnf-fnn+nol;
end
hold off
c lg
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NEXT U DEFLECTION VERSUS THESTA ANIMATED IN TIME

text(O.1,O.5,'VIIW TANGENTIAL DISP.?? NO:ENTER 1 ,YEStRSTURN1,'sc1)
zvininput(' ');
cig
axis([ aa(5,1) aa(6,1) aa(15,1) aa(16,1) )
nn-[nth+1];
plot(cc( a,1),bb(nn-nth+1:nn,3))
hold on
title('U/R DEFORMATION VS. THETA')
xlabel('THETA IN DEGREES')
ylabel( 'U/R DEFORMATION')
nn- nn+no J;
for J-2:aa(14,l)-1
if zv--1, break, end
plot(cc( :,1),bb(2:nth+1,3))
plot(cc( : ,),bb(nn-nth+1:nn,3))

pause
plot(cc( z,1),bb(nn-nth+lsnn,3), 'i')
nn-[nn+no];
end
pause
hold off
c ig

NEXT W DEFLECTION VERSUS THETA ANIMATED IN TIME

axis([ aa(5,1) aa(6,1) aa(17,1) aa(l8,l)])
nn-(nth+l];
plot(cc( z,1),bb(nn-nth+1tnn,4))
hold on
title('W/R DEFORMATION VS. THETA')
xlabel('THETA IN DEGREES')
ylabel( 'W/R DEFORMATION')
nn-(nn+no);
for i-2taa(14,1)-1
plot(cc( :,1),bb(2:nth+1,4))
plot(cc( :,1),bb(nn-nth+1 :rn,4))

pause
plot(cc(2,1) ,bb(nn-nth+lann,4), '1')
nn-rnn+nol ;
end
pause
hold off
c ig
end

while ee>O.l
c ig
text(O.1,O.5,'DISPLACEMEUT VS TIME PLOT~? YES:WODE #,NO RETURN','uc')
ee-input(' ').
if ee>O.O,
toxt(O.1,O.3,'UIR,WIR, or RESULTANT/R INTE 1,2, or 3','uc')
xf-input(' 1);
nn-[no+1J,
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I NEXT W DEFLECTIONS, VELOCITIES & ACCELERATIONS VERSUS TIME

if xf-l
for J-1l:2
if Jm-2,subplot(221),efld
no-[O];
nn-[no+1Ii

for iin1:aa(14,1)-1
et(i)-bb(nnfl, );
nn-[nn+no];
fv(i)-bb(eo+l+fls,3);
ns-[ns+noj;
end
etmet';
fv-fv';
axis([ min(et) max(et) aa(15,1) aa(16,1) ]
plot(et,fv, 'a',et,fv)
xlabel( 'TIME')
ylabel('U/R DIS.')
g3l-sprintf('U/R DISP. VS TIME FOR NODE NUMBER %g',ee);
if j==1,text(O.3,O.97,g3l,'sc'),end
if j=-2,text(O.O1,O.97,g31,'3C'),Sfld
if J==1,pause,end

if J-=2,subplot(222) ,end
ns-(OJ;
nn-[no+l];
et (1) =bb (1, 1);
for i-lzaa(14,1)-1
et ( i)-bb Cnn, 1);
nn-[nn+no];
fv(i)u'bb(ee+l+ns,5);
no-[ns+no];
end
et-et';
fvinfv';
axis([ min(et) max(et) min(fv) iaax(fv) 3
plot(et,fv, 'a',et,fv)
xlab~el( 'TIME')
ylabel('U/R VEL.')
g32-sprintf('U/R VEL. VS TIME3 FOR NODE NUMBER 4'l,..);
if Jum1,text(O.3,O.97,g32,'Uc'),efld
if J==2,text(O.51,O.97,g32,'uc'),efld
if J--1,pause,end
end

******* NEXT: U-ACC vs time for node #

if J--2, uubplot( 223) ,end
na-[OJ;
nnin[no+l];

for i-1:aa(14,1)-l
St ( i)-bb (nnfl,);
nnin[nn+no];
fv(i)-bb(ee+1+ns,12);
nninlns+no];
end
et-et';
fv-fv';
if min(fv)--max(fv),
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axis([ min(et) uax(et) min(fv) uax(fv)i)
plot(et,fv, 'o',et,fv)
title('U/R ACC. VS TIME')
xlabel( 'TIME')
ylabel( 'U/R ACC.')
else
text(0.1,0.3,'U/R ACC. vs. TIME is a CONSTANT','sc')
end
g40-sprintf('U/R ACC. VS TIME FOR NODE NUMBER %g',..);
if J~ml,text(O.72,O.02,g40,'sc'),end
if J=-2,text(0.45,O.5,g40,'sc'),.nd
if J-=1,pause,end

subplot (224)

nn-[no+1];
etc 1)-ibb( 1, 1);
for iin1:aa(14,1)-l
etc i )-bb (nnfl,);
nn-Innn+no];
fv(i)-bb(ee+l+ns,7);
nsi[nns+no];
end
et~et';
fvinfv';
axis(( min(et) max(et) aa(19,1) aa(20,1) J
plot(et,fv, 'o',et,fv)
title('PRESSURB VS TINE')
xlabel( 'TINE')
ylabel( 'PRESSURE')
pause

end

NEXT W DEFLECTIONS, VELOCITIES &ACCELERATIONS VERSUS TINE

if xf-=2
for J-1:2
if J=-2,subplot(221) ,end
ns(0O];
nn-[no+l];
et (1) =bb (1, 1);
for i=1:aa(14,1)-l
et( i ) bb nn, 1);
nnm(nn+noj;
fv(i)-bb(ee+l+ns,4);
no-E ns+no];
end
etinet';
fv-fv';
axis(( 0.0 max(et) aa(17,1) aa(18,1)1)
plot(et,fv,'o' ,et,fv)
xlabel( 'TINE')
ylabel( 'WIR DIS.')
g33-sprintf('W/R DISP. VS TINE FOR NODE NUMBER %g',ee);
if J--l,text(O.3,O.97,g33,'sc'),end
if J--2,text(0.01,0.97,g33,'sc'),end
if J--1,pause,end

if J--2,subplot(222) ,end

nn-[no+1 J;
et(l1)-ibb( 1, 1);
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for iu'1:aa(14,1)-l
et ( i).bb (nnfl,);
nn-Inn+noJ;
fv(i)-bb(ee+l+ns,6);
ns-[ns+nol;
end
etinet';
fv-fv';
axis([ 0.0 max(et) min(fv) max(fv) ]
plot(et,fv, 'o',et,fv)
xlabel('TINE')
ylabel('W/R VEL.')
g34=sprintf('W/R VEL. VS TIME FOR NODE NUMBER Ig',ee);
if j==1,text(0.3,0.97,g34,'sc'),end
if j==2,text(0.51,0.97,g34,'sc'),end
if j=-1,pause,end
end

if j==2,subplot(223) ,end
ns=(O];
nn-[no+1];
et (1) -bb( 1, 1);
for i1l:aa(14,1)-1
et ( i )bb(nn, 1);
nn-[nn+no];
fv(i)=bb(ee+l+ns,13);
ns=[ns+no];
end
et-et';
fv-fv';
if min(fv)-'.max(fv),
axis([ min(et) max(.t) min(fv) iuax(fv)])
plOt(et'fv, 1'' et'fv)
title('W/R ACC. VS TIME')
xlabel( 'TINE')
ylabel( 'WIR ACC.')
else
text(0.1,0.3,'W/R ACC. vs. TIME in a CONSTANT','sc')
end
g42-sprintf('W/R ACC. VS TIME FOR NODE NUMBER Ig',ee);
if j-=l,text(0.72,0.02,g42,'sc'),end
if j==2,text(0.45,0.5,g42,'ac'),end
if j==1,pause,end

subplot( 224)
ns=(0];
nn=[no+1];
et (1)-ibb( 1, 1);
for i1l:aa(14,1)-1
et( i)-bb (nn, 1);
nn=(nn+no];
fv(i)-bb(ee+1+ns,7);
ns-[ns+no];
end
et-et';
fv-fv';
axis([ min(et) uax(.t) aa(19,I) aa(20,1) 3
plot(et,fv, 'a',et,fv)
title('PRBSSURB VS TIME')
xlabe1( 'TIME')
ylabel( 'PRESSURE')
pause



end

% NEXT RESULTANT DEFLECTIONS AND VELOCITIES VS TIME

if xf--3
for j-1l:2
if j-=2,subplot(221) ,end
nsin(0];
nn-[no+1 3;

for i-lsaa(14,1)-l
et (i) -bb(nn, 1);
mm C nn+no] ;
fv(i)n( (bb(ee+l+na,3)A2.+bb(ee+l+ns,4)^2. )^O.5);
rim-Cns+no];
end
etmet';
fvinfv';
axis([ 0.0 max(et) min(fv) znax(fv) 3
plot(et,fv, 'o',et,fv)
xlabel( 'TINE')
ylabel( 'RESULTANT DISPLACEMENT')
g35insprintf('RESULTANT DISPLACEMENT VS TIME FOR NODE NUMBER %g',ee);
if j==1,text(0.3,0.97,g35,'sc'),end
if J=in2,text(0.01,0.97,g35,'sc'),end
if j=-1,pause,end

if j==2,subplot(222) ,end
nsin[0J;
nn=[no+13;

for iin1:aa(14,1)-l
et ( i)-'bb (n, 1);
nninCnn+no];

ns-( ns+no];
end
etmet';
fvinfv';
axis([ 0.0 max(et) min(fv) max(fv) 3
plot(et,fv, 'of,et,fv)
xlabel( 'TIME')
ylabel( 'RESULTANT VELOCITY')
g36-sprintf('RESULTANT VELOCITY VS TIME FOR NODE NUMBER %g',ee);
if J--1,text(0.3,0.97,g36,'sc'),end
if J-2,text(0.51,0.97,g36,'sc'),end
if J=-1,pause,end

end
subplot (224)
ns-[0];
nn-Inno+1 3;

for iin1:aa(14,1)-1
et (i) -bb (n, 1);
nnin[nn+nol;
fv(i)-bb(.e+1+ns,7);
nsilnsn+no];
end
et-et';
fvinfv';
axis([ min(et) max(et) aa(19,1) aa(20,1) 3
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Plot(et,fv, '0',et,fv)
title('PRESSURE VS TIME')
xlabel( 'TIME')
ylabel( 'PRESSURE')
pause
end
else
ee[1-1.O];
end
end
ee=[1];
et=(O];
fv-[ 0];
ex [0];
cig
hold off

NEXT STRESS ANIMATION PLOTS
text(O.1,O.5,'STRESS ANIMATION? YES:ENTER 1 ,NO:RBTURN','sc')
ee~input(' ');
cig
if ee==l,

gg ( 1 1) =[8];
nth=[aa(1,1)1;
nn=[nth+1];
no= [nn 1;
axis([aa(5,1) aa(6,1) aa(23,1) aa(24,1)])
plot(cc(:,l),bb(2:nth+l,gg(l,1)),'o',cc(:,1),bb(2:nth+l,gg(l,l)))
hold on
title('EPSILON PHI VS THETA')
xlabel('THETA in DEGREES')
ylabel( 'EPSILON PHI')
nn=Cnn+no];
for i=2:aa(14,1)-1

plot (cc(,1) ,bb(nn-nth+lsnn,gg( 1,1)) )
pause
plot(cc(:,1),bb(nn-nth+1:nn,gg(1,1))",'i)
nn=[nn+no];
end
hold off
c lg

gg(1, 1)-C 9]
nth-[aa(1,1)1;
nn=[nth+l];
no-(nn];
axis([aa(5,1) aa(6,1) aa(21,1) aa(22,1)1)
plot(cc(:,1),bb(2:nth+l,gg(1,1)),'o',co(:,l),bb(2:nth+l,gg(l,l)))
hold on
title('EPSILON THETA VS THETA')
xlabel('THETA in DEGREES')
ylabel( 'EPSILON THETA')
nnin[nn+no];
for i-2:aa(14,1)-l

plot(cc( z,l),bb(nn-nth+ltnn,gg(l,l)))
pause
plot(cc(s,1),bb(nn-nth+l:nn,gg(l,1)),'i')
nnin[nn+no];
end
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hold of f

nth-Eaa(l,l)];
nnin[nth+1 3;
n-nin~f];
axis(laa(5,1) aa(6,1) aa(27,1) aa(28,1)])
plot(cc(s,l),bb(2tnth+l,gg(1,1)),'o',cc(:,l),bb(2snth+l,gq(1,l)))
hold on
title('SIGNA PHI VS THETA')
xlabel('THETA in DEGERES')
ylabel('SIGMA PHI')
nnin[nn+nol;
for i-2:aa(14,1)-1

plot(cc(:,l),bb(nn-nth+l:nn,gg(l,1)))
pause
plot(cc( :,l),bb(nn-nth+ltnn,gg(1,l))",'i)
nn-[nn+nol;
end
hold off
c ig

nth=(aa(1,1fl;
nn-[nth+1 3;
no-[nn];

plot(cc(:,l),bb(2:nth+l,gg(l,l)),'o',cc(:,l),bb(2:nth+l,gg(l,l)))
hold on
title('SIGMA THETA VS THETA')
xlabel('THETA in DEGREES')
ylabel( 'SIGMA THETA')
nn-[nn+no];
for i-2:aa(14,1)-1

plot(cc( :,1),bb(nn-nth+1:nn,gg(l,1)))
pause
plot(cc(t,l),bb(nn-nth+l:nn,gg(1,l)),'i')
nn-[nn+no];
end
hold off
c ig
end

%NEXT FINAL STRESS AND STRAIN VALUES VERSUS THETA
for 1-1:2
if i--2,subplot(221) ,end
al( 1, )-aa( 21,1);
al(2, 1)-aa(22,1);
if aa(21,1)-maa(22,1),al(l,l)-aa(21,1)*0.95; ....
al(2, 1)maa(22,1)*1.05; ,end
axis([aa(5,1) aa(6,1) al(l,1) al(2,1)1)
plot(cc(t,1),cc(:,2),'o',cc(:,l),cc(:,2))
title('EPSZLON THETA VS THETA')
xlabel('THETA in DEGREES')
ylabel( 'EPSILON THETA')
if i--1,pause,.nd

if i--2,subplot(222) ,end
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al(2,1)-aa(24,1);
if aa(23,1)m-aa(24,I),al(l,l)-aa(23,1)*O.95; ..

axis([aa(5,1) aa(6,1) al(1,1) al(2,1)1)
plot(cc(3,1) ,cc( :,3), 'a',cc(2,1) ,cc( :,3))
title('EPSILON PHI VS THETA')
xlabel('THETA IN DEGREES')
ylabel( 'EPSILON PHI')
if i--1,pause,end

if i--2,subplot(223) ,end
al( 1, 1)-aa( 25, 1) ;
a1(2, 1)-aa(26,1);
if aa(25,1)maa(26,1),al(l,l)-aa(25,1)*0.95;,..
al(2,1)=aa(26,1)*1.05; ,end
axis(faa(5,1) aa(6,1) al(1,1) al(2,1)])
plot(cc(:,1),cc(t,4),'o',cc(:,1),cc(:,4))
title('SIGMA THETA VS THETA')
xlabel('THETA IN DEGREES')
ylabel( 'SIGNA THETA')
if i--1,pause,end

if i-=2,subplot(224) ,end
al(1, 1)-aa(27,1);
a1(2,1)zaa(28,1);
if aa(27,1)--aa(2S,I),a1(l,l)-aa(27,1)*0.95; ..

axis([aa(5,1) aa(6,1) al(1,l) al(2,1)J)
plot(cc( :,1) ,cc( :,5), 'a',cc( :,1) ,cc( :,5))
title('SIGMA PHI VS THETA')
xlabel('THETA IN DEGREES')
ylabel('SIGMA PHI')
pause
end
c ig

NEXT PRESSURE VS TIME CURVES
if aa(19,1)--aa(20,1)
nn=(nth+1Ij;
al( 1)-aa( 19, 1)*1. 05;
a1(2)-aa(20,1)*0.95;
axis([ aa(5,1) aa(6,1) al(l) al(2) 1
plot(cc( :,1) ,bb(nn-nth+1:nn,5))
title('PRESSURE-CONSTANT WITH TIME3 VS. THETA')
xlabel('THETA IN DEGREES')
ylabel( 'PRESSURE')
pause
else
axis(E aa(5,1) aa(6,1) aa(19,1) aa(20,1) ]
nn-[nth+1J;
plot(cc( :,1),bb(nn-nth+1:nn,7))
hold on
title('PRESSURE VS. THETA')
xlabel('THETA IN DEGREES')
ylabel( 'PRESSURE')
nn-(nn+no];
for J-2:aa(14,1)-1
plot(cc(3,1) ,bb(nn-nth+1:nn,7))

pause
plot(cc(3,1) ,bb(nn-nth+1:nn,7), 'i')
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nnin[nn+noj I
end
pause
end
hold of f
c ig
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